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The circulation in Singapore coastal waters is driven by the tidal forcing of the 
surrounding seas, complex bathymetry, irregular coastlines, seasonal 
monsoons and local winds. Intensive economic and shipping activities in 
Singapore Strait may subject Singapore coastal waters to be under high risk of 
local sea-based water pollution. Meanwhile, frequent flooding events and 
intensive agricultural and industrial activities in Singapore-Johor catchment 
have made Singapore coastal waters under high risk of land-based water 
pollution. To investigate both scenarios of water pollution, a better and deeper 
understanding of circulation and volume fluxes on the basis of previous 
research in Singapore coastal waters is essential. 
To study the circulation and volume fluxes in Singapore coastal waters, an 
unstructured-grid three-dimensional hydrodynamic model is applied to 
Singapore coastal waters. Model results are used to delineate circulation 
patterns in waters around Singapore, and these results show significant 
seasonal variation. It is found that Absolute Dynamic Topography (ADT) is 
the predominant factor that drives monthly mean volume fluxes, especially in 
Malacca Strait and the residual effects, which can be attributed to the 
nonlinear interactions between different forcing terms, tend to reduce the total 
volume fluxes. 
With better understanding of circulation and volume fluxes, local sea-based 
tracer transport in Singapore coastal waters is studied with a nested 
hydrodynamic model by releasing passive tracers at six key sailing locations. 
The rate of dispersion is found to be twice as large for the Northeast monsoon 
compared to the Southwest monsoon due to differences in large-scale 
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monsoons and small-scale local winds. Dispersion coefficients 𝐾  are 
maximum around Senang and St. John Islands due to the strong surrounding 
currents and abrupt bathymetry changes. It is found that both the lateral 
dispersion coefficient 𝐾𝑦  and the compound dispersion coefficient 𝐾 obey a 
“4/3-law”, which defines a linear correlation between dispersion coefficients 
and 4/3-power of selected length scale. 
In addition, land-based tracer transport in Singapore coastal waters is 
investigated by releasing passive tracers at the upstream of rivers in 
Singapore-Johor Catchment. It is found that dispersion time is tripled and 
results in tripled dispersion coefficients during the Southwest monsoon than 
the Northeast monsoon, due to larger amount of land-based pollutants 
introduced by streamflow in December and differences in the large-scale 
monsoon effects. The compound dispersion coefficient 𝐾 is further confirmed 
to obey a “4/3-law” with the proposed length scale 𝐿, which is defined as the 
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Symbols Physical meaning 
𝑠𝑜
𝑅 the reference salinity 
𝐶𝑑 the drag coefficient 
?̅? the overall mean dispersion coefficient 
𝐾𝑥 the longitudinal dispersion coefficient 
𝐾𝑦 the lateral dispersion coefficient 
𝐿𝑦 the lateral scale of the tracer plume 
𝐿 the distance the center of tracer plume travelled 
𝑈1 the magnitude of the horizontal velocity vector in the first grid 
cell above the bed 
?̅? the quantity averaged over the calibration period 
𝑧0 the roughness coefficient 
𝑧1 the location of 𝑈1  at a distance of one-half the bottom-most 
vertical grid spacing above the bed 
𝛷𝑥 the longitudinal variance of the tracer plume 
𝛷𝑦 the lateral variance of the tracer plume 
𝛷 the variance of the tracer plume 
𝛼𝑦 the lateral scale-dependent factor 
𝛼 the scale-dependent factor 
𝜈𝐻 the horizontal eddy viscosity 
𝜈𝑉 the vertical eddy viscosity 
𝜌0 the constant reference density 
𝜌0 + 𝜌 the total density 
𝜖𝐻 the horizontal turbulent eddy-diffusivity 
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𝜖𝑉 the vertical turbulent eddy-diffusivity 
ℎ the free-surface height 
κ the von Karman’s constant 
Ω the angular velocity of the Earth 
𝑋 the desired quantity to compare 
𝑑 the bottom height 
𝑓 the Coriolis term 
𝑟 the baroclinic head 
𝑠 the salinity 
𝑡 the time 
𝑢(𝑥, 𝑦, 𝑧, 𝑡) the Cartesian velocity component in the 𝑥 direction 
𝑣(𝑥, 𝑦, 𝑧, 𝑡) the Cartesian velocity component in the 𝑦 direction  
𝑤(𝑥, 𝑦, 𝑧, 𝑡) the Cartesian velocity component in the 𝑧 direction  
𝒖 the velocity vector 








LIST OF TABLES 
Table 3-1. Statistical evaluation for sea surface elevations. ............................ 34 
Table 3-2. Statistical evaluation for velocities. ................................................ 39 





Positive values indicate north or eastward volume fluxes. Negative values 
indicate south or westward volume fluxes. ...................................................... 48 
Table 3-4. Correlation coefficient between decomposed components (FADT, 
Ftides&localwinds, Fresidual) and Ftotal at four transects. ............................................. 55 
Table 3-5. Correlation coefficient between decomposed components (Ftides, 
Flocalwinds, Fresidual3) and Ftides&localwinds at four transects. ..................................... 60 
Table 4-1. Statistical evaluation for surface elevations at Stations 1 and 2 in 
calibration runs................................................................................................. 77 
Table 4-2. Surface elevation constituents at Stations 1 and 2 in calibration runs.
.......................................................................................................................... 78 
Table 4-3. Statistical evaluation for currents at Station 3 in calibration runs. . 82 
Table 4-4. Statistical evaluation for currents at Station 4 in calibration runs. . 85 
Table 4-5. Statistical evaluation for surface elevations at Stations A, B and C 
in validation runs. ............................................................................................. 89 
Table 4-6. Surface elevation constituents at Stations A, B and C in validation 
runs. .................................................................................................................. 89 
Table 4-7. Statistical evaluation for currents at Station D in calibration runs. 92 
Table 4-8. Local flushing time Te (days), mean dispersion coefficient ?̅? (m
2
/s), 





3) and r(𝐾, 𝐿
4
3), and scale dependent factors 𝛼𝑦(cm
2/3
/s) and α(cm2/3/s) for 
passive tracers over 7 days during the Northeast and Southwest monsoons. 114 
Table 5-1. Statistical evaluation for model-predicted streamflow in calibration 
runs. ................................................................................................................ 131 
Table 5-2. Statistical evaluation for model-predicted streamflow in validation 
runs. ................................................................................................................ 133 
Table 5-3. Statistical evaluation for sea surface elevations at Stations A, B and 
C in validation runs. ....................................................................................... 136 
Table 5-4. Sea surface elevation constituents at Stations A, B and C in 
validation runs. ............................................................................................... 136 
Table 5-5. Statistical evaluation for currents at Station A in validation runs.
........................................................................................................................ 139 
Table 5-6. Statistical evaluation for currents at Station D in validation runs.
........................................................................................................................ 141 
Table 5-7. Statistical evaluation for currents at Station E in validation runs. 143 
Table 5-8. Mean dispersion coefficient 𝐾 (m2/s) over each week and the whole 
month, correlation coefficients between dispersion coefficient and length scale 
and scale dependent factors α(cm2/3/s) for passive tracers during the Northeast 




LIST OF FIGURES 
Figure 1-1 Singapore coastal waters provided by Google Earth ....................... 1 
Figure 3-1. Unstructured-grid of the model domain with a zoom-in view of 
Singapore coastal waters. Locations of stations for model calibration are 
shown. Legend: Sea surface elevations (yellow dots), velocities (black dots), 
volume fluxes (red lines). ................................................................................ 25 
Figure 3-2. Bathymetry (in m) of the model domain with a zoom-in view of 
Singapore coastal waters. Legend: NCDC wind data stations (white dots). ... 25 
Figure 3-3. Time series of ADT at open boundaries (Twigt, 2007). Legend: 
Andaman Sea (black), South China Sea (blue), Java Sea (red). ...................... 28 
Figure 3-4. Comparison of sea surface elevations (in m) under two Coriolis 
frequency settings at Stations 4 – 6 and 10 - 12. Legend: Coriolis frequency of 
 f = 3.485 × 10 − 6 rad s-1 at the latitude of 1.369 °N (black line), Coriolis 
frequency of  f = 3.485 × 10 − 5 rad s-1 at the latitude of 14 °N (blue line). 29 
Figure 3-5. Comparison of velocity component U (in m/s) under two Coriolis 
frequency settings at Stations 4 – 6 and 10 - 12. Legend: Coriolis frequency of 
 f = 3.485 × 10 − 6 rad s-1 at the latitude of 1.369 °N (black line), Coriolis 
frequency of  f = 3.485 × 10 − 5 rad s-1 at the latitude of 14 °N (blue line). 30 
Figure 3-6. Comparison of velocity component V (in m/s) under two Coriolis 
frequency settings at Stations 4 – 6 and 10 - 12. Legend: Coriolis frequency of 
 f = 3.485 × 10 − 6 rad s-1 at the latitude of 1.369 °N (black line), Coriolis 
frequency of  f = 3.485 × 10 − 5 rad s-1 at the latitude of 14 °N (blue line). 31 
xiv 
 
Figure 3-7. An example eddy-viscosity vertical profile between (103.782 °E, 





/s. .................................................................................. 32 
Figure 3-8. Comparison of model-predicted and observed sea surface 
elevations (in m) at Stations 1 - 6. Legend: SUNTANS (∙ ∙ ∙), Observations (─
─). ................................................................................................................... 35 
Figure 3-9. Comparison of model-predicted and observed sea surface 
elevations (in m) at Stations 7 - 12. Legend: SUNTANS (∙ ∙ ∙), Observations 
(──). .............................................................................................................. 36 
Figure 3-10. Comparison of model-predicted and observed velocities at 
Station 13. Legend: SUNTANS (∙ ∙ ∙), Observations (──). .......................... 39 
Figure 3-11. Comparison of model-predicted and observed U and V velocity 
profiles (in m/s) at Station 13........................................................................... 40 
Figure 3-12. Comparison of model-predicted and observed velocities at 
Station 14. Legend: SUNTANS (∙ ∙ ∙), Observations (──). .......................... 41 
Figure 3-13. Comparison of model-predicted and observed U and V velocity 
profiles (in m/s) at Station 14........................................................................... 42 
Figure 3-14. Monthly mean surface currents (in m/s) and water level (in cm) in 
Singapore coastal waters in year 2003. ............................................................ 45 
Figure 3-15. Monthly mean (a) volume fluxes and (b) depth-averaged currents 
through Malacca Strait, Java Sea, South China Sea and Singapore Strait 
transects using the calibrated model. Positive values indicate north or east 
directed volume fluxes. Negative values represent south or west directed 
xv 
 
volume fluxes. Legend: Malacca Strait (-□-), Java Sea (-△-), South China 
Sea (-◇-), Singapore Strait (-*-). .................................................................... 49 
Figure 3-16. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Java Sea transects when the model is forced by ADT, tides 
and local winds. Positive values indicate north or east directed volume fluxes. 
Negative values represent south or west directed volume fluxes. Legend: Ftotal 
(-□-), FADT (-△-), Ftides&localwinds (-◇-), Fresidual (-*-). ..................................... 53 
Figure 3-17. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Singapore Strait transects when the model is forced by ADT, 
tides and local winds. Positive values indicate north or east directed volume 
fluxes. Negative values represent south or west directed volume fluxes. 
Legend: (a) Ftotal (-□-), FADT (-△-), Ftides&localwinds (-◇-), Fresidual (-*-). ......... 54 
Figure 3-18. Decomposition of monthly mean volume fluxes at (a) Malacca 
Strait and (b) Java Sea transects when the model is forced by ADT. Positive 
values indicate north or east directed volume fluxes. Negative values represent 
south or west directed volume fluxes. Legend: FADT (-□-), FSLA (-△-), FMDT 
(-◇-), Fresidual2 (-*-). ......................................................................................... 57 
Figure 3-19. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Singapore Strait transects when the model is forced by ADT. 
Positive values indicate north or east directed volume fluxes. Negative values 
represent south or west directed volume fluxes. Legend: FADT (-□-), FSLA (-△
-), FMDT (-◇-), Fresidual2 (-*-). ........................................................................... 58 
Figure 3-20. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Java Sea transects when the model is forced by tides and 
xvi 
 
local winds. Positive values indicate north or east directed volume fluxes. 
Negative values represent south or west directed volume fluxes. Legend: 
Ftides&localwinds (-□-), Ftides (-△-), Flocalwinds (-◇-), Fresidual3 (-*-). ...................... 61 
Figure 3-21. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Singapore Strait transects when the model is forced by tides 
and local winds. Positive values indicate north or east directed volume fluxes. 
Negative values represent south or west directed volume fluxes. Legend: (a) 
Ftides&localwinds (-□-), Ftides (-△-), Flocalwinds (-◇-), Fresidual3 (-*-). ..................... 62 
Figure 4-1. Unstructured-grid of (a) the larger domain model, (b) the nested 
small domain model with zoom-in view of (c) Singapore Island and (d) 
Bukom Island. Locations of stations for model calibration and validation are 
shown. Legend: Sea surface elevations (Stations 1, 2, A, B, C), currents 
(Stations 3, 4, D), Passive Tracers (P1 – P6). .................................................. 73 
Figure 4-2. Bathymetry (in m) of (a) the larger domain model, (b) the nested 
small domain model and (c) zoom-in view of Singapore island. Locations of 
59 hourly National Climate Data Center (NCDC) observed local winds data 
stations are shown in (a). Legend: NCDC wind data stations (white dots). .... 74 
Figure 4-3. Comparison of model-predicted and observed surface elevations 
(in m) at Stations 1 and 2. Legend: SUNTANS (∙ ∙ ∙), Observations (──). .. 77 
Figure 4-4. Comparison of model-predicted and observed currents (in m/s) at 
Station 3. Legend: SUNTANS (∙ ∙ ∙), Observations (──). ............................ 82 
Figure 4-5. Comparison of model-predicted and observed U and V velocity 
profiles (in m/s) at Station 3............................................................................. 83 
xvii 
 
Figure 4-6. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station 3. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
.......................................................................................................................... 84 
Figure 4-7. Comparison of model-predicted and observed currents (in m/s) at 
Station 4. Legend: SUNTANS (∙ ∙ ∙), Observations (──). ............................ 85 
Figure 4-8. Comparison of model-predicted and observed U and V velocity 
profiles (in m/s) at Station 4............................................................................. 86 
Figure 4-9. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station 4. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
.......................................................................................................................... 87 
Figure 4-10. Comparison of model-predicted and observed surface elevations 
(in m) at Stations A, B and C. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
.......................................................................................................................... 90 
Figure 4-11. Comparison of model-predicted and observed currents (in m/s) at 
Station D. Legend: SUNTANS (∙ ∙ ∙), Observations (──). ........................... 92 
Figure 4-12. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station D. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
.......................................................................................................................... 93 
Figure 4-13. Circulation pattern in Singapore coastal waters during the 
Northeast monsoon from 5 to 50 hour in 5 hour intervals and from 50 to 70 
hour in 10 hour intervals. ................................................................................. 96 
Figure 4-14. Evolution of depth-averaged passive tracer field during the 
Northeast monsoon. Left column is Tracer 1 (near Tuas). Middle column is 
Tracer 2 (near Senang Island) and right column is Tracer 3 (near St. John 
Island). ............................................................................................................. 98 
xviii 
 
Figure 4-15. Evolution of depth-averaged passive tracer field during the 
Northeast monsoon. Left column is Tracer 4 (near East Coast Park). Middle 
column is Tracer 5 (near Changi Naval Base). Right column is Tracer 6 (near 
Pengerang). ...................................................................................................... 99 
Figure 4-16. Circulation pattern in Singapore coastal waters during the 
Southwest monsoon from 5 to 50 hour in 5 hour intervals and from 50 to 70 
hour in 10 hour intervals. ............................................................................... 101 
Figure 4-17. Evolution of depth-averaged passive tracer field during the 
Southwest season. Left column is Tracer 1 (near Tuas). Middle column is 
Tracer 2 (near Senang Island) and right column is Passive Tracer 3 (near St. 
John Island). )................................................................................................. 103 
Figure 4-18. Evolution of depth-averaged passive tracer field during the 
Southwest monsoon. Left column is Tracer 4 (near East Coast Park). Middle 
column is Tracer 5 (near Changi Naval Base). Right column is Tracer 6 (near 
Pengerang). .................................................................................................... 104 
Figure 4-19. Time series of volume averaged concentrations (VAC) for 
passive tracers released during Northeast and Southwest monsoons. Legend: 
Northeast (—), Southwest (---). ..................................................................... 107 
Figure 4-20. Time series of K  (in m2/s) during Northeast and Southwest 
monsoons. Legend: Northeast (—), Southwest (---). Note y axis scales are 
different. ......................................................................................................... 115 




3  during 
Northeast and Southwest monsoons. Legend: Northeast (—), Southwest (---), 
𝐾𝑦 (black line), 𝛼𝑦𝐿𝑦
4
3 (blue line). Note y axis scales are different. .............. 116 
xix 
 
Figure 4-22. Time series of daily-averaged 𝐾  (in m2/s) and α𝐿
4
3  during 
Northeast and Southwest monsoons. Legend: Northeast (—), Southwest (---), 
𝐾𝑦 (black line), α𝐿
4
3 (blue line). Note y axis scales are different. .................. 117 
Figure 5-1. (a) Unstructured-grid of the hydrodynamic model domain with 
MPA sea surface elevations and currents observation station (Stations A-E, 
white dots) marked and (b) Digital elevation model (DEM, in m) and 
hydrologic model generated watershed (in red), subbasins (in purple) and 
streams (in blue). Legend: NCEP weather forcing (white dots), land-based 
pollutant sources 1-9 (yellow numbers), and NEA hourly precipitation stations 
(white dots) (S11(Choa Chu Kang Cemetery Office), S29(Pasir Ris home 
Team Chalets, Pasir Ris Rd), S60(Sentosa), S69(Upper Peirce Reservoir), 
S103(Daily Farm), S107(Singapore Sailing Federation), S115(Tuas Marine 
Transfer Station Tuas South Ave 3), S116(Pasir Panjang Terminal, PSA)). 126 
Figure 5-2. Bathymetry (in m) of (a) the model domain with a zoom-in view 
of (b) Singapore island in hydrodynamic model and (c) land use (FAO, UN, 
2005) and (d) soil data (FAO, UN, 2003) employed in hydrologic model. In 
(c), legend number stands for land use classes: 1 (Forestry: Natural), 2 
(Forestry: Protected areas), 3 (Forestry: Extensive pastoralism), 4 (Forestry: 
Pastoralism moderate or higher), 5 (Forestry: Pastoralism moderate or higher 
with scattered plantations), 6 (Forestry: Scattered plantations), 7 (Herbaceous: 
Natural), 8 (Herbaceous: Protected areas), 9 (Herbaceous: Extensive 
pastoralism), 10 (Herbaceous: Moderate intensive pastoralism), 11 
(Herbaceous: Intensive pastoralism), 12 (Herbaceous: Scattered pastoralism), 
13 (Rainfed Agriculture: subsistence or commercial), 14 (Agro-pastoralism: 
Moderate intensive), 15 (Agro-pastoralism: Intensive), 16 (Agro-pastoralism: 
xx 
 
moderate intensive or higher with large scale irrigation), 17 (Agriculture: 
Large scale irrigation), 18 (Agriculture: Protected areas), 19 (Urban areas)). In 
(d), legend number stands for soil classes: 4261 (Af61-1-2a), 4284 (Ao90-2-
3c), 4324 (Ge55-3a), 4464 (Ao108-2ab), 4522 (Je73-3a), 4527 (Jt14-3a), 4552 
(Od21-a). ........................................................................................................ 127 
Figure 5-3. Modeling approach for a one-way coupled hydrologic-
hydrodynamic model ..................................................................................... 130 
Figure 5-4. Streamflow calibration at Station 1737451 of year 2006. Legend: 
precipitation (blue bar), observed streamflow (red line), simulated streamflow 
(black line). .................................................................................................... 132 
Figure 5-5. Streamflow validation at Station 1737451 during (a) Jan 11-25 and 
(b) Sep 26 – Oct 6 of year 2001. Legend: precipitation (blue bar), observed 
streamflow (red line), simulated streamflow (black line). ............................. 134 
Figure 5-6. Comparison of coupled model predicted and observed surface 
elevations (in m) at Stations A, B and C. Legend: Coupled model (∙ ∙ ∙), 
Observations (──). ...................................................................................... 137 
Figure 5-7. Comparison of coupled model predicted and observed currents (in 
m/s) at Station A. Legend: Coupled model (∙ ∙ ∙), Observations (──). ....... 139 
Figure 5-8. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station A. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
........................................................................................................................ 140 
Figure 5-9. Comparison of coupled model predicted and observed currents (in 
m/s) at Station D. Legend: Coupled model (∙ ∙ ∙), Observations (──). ....... 141 
xxi 
 
Figure 5-10. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station D. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
........................................................................................................................ 142 
Figure 5-11. Comparison of coupled model predicted and observed currents 
(in m/s) at Station E. Legend: Coupled model (∙ ∙ ∙), Observations (──). .. 143 
Figure 5-12. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station E. Legend: SUNTANS (∙ ∙ ∙), Observations (──).
........................................................................................................................ 144 
Figure 5-13. SWAT predicted streamflow and land-based tracer concentration 
at (a) Source 1, (b) Source 2 and (c) Source 3. Legend: streamflow (—), 
concentration (---). ......................................................................................... 146 
Figure 5-14. SWAT predicted streamflow and land-based tracer concentration 
at (a) Source 4, (b) Source 5 and (c) Source 6. Legend: streamflow (—), 
concentration (---). ......................................................................................... 147 
Figure 5-15. SWAT predicted streamflow and land-based tracer concentration 
at (a) Source 7, (b) Source 8 and (c) Source 9. Legend: streamflow (—), 
concentration (---). ......................................................................................... 148 
Figure 5-16. Circulation pattern in December 2013 in 3 days intervals. ....... 150 
Figure 5-17. Evolution of depth-averaged tracer field in December 2013 in 3 
days intervals. ................................................................................................ 152 
Figure 5-18. Circulation pattern in June 2013 in 3 days intervals. ................ 154 
Figure 5-19. Evolution of depth-averaged tracer field in June 2013 in 3 days 
intervals. ......................................................................................................... 156 
Figure 5-20. Time series of K during Northeast and Southwest monsoons. 
Legend: Northeast (—), Southwest (---). ....................................................... 160 
xxii 
 
Figure 5-21. Time series of daily-averaged 𝐾  (in m2/s) and α𝐿
4
3  during 
Northeast and Southwest monsoons. Legend: Northeast (—), Southwest (---), 
𝐾 (black line), α𝐿
4





LIST OF PUBLICATIONS 
Part of this thesis and my Ph.D. research work have been published in or 




[1] Chua, V. P. and Xu, M., 2014. Impacts of sea-level rise on estuarine 
circulation: an idealized estuary and San Francisco Bay, Journal of Marine 
Systems, Vol. 139, 58 – 67, doi: 10.1016/j.jmarsys.2014.05.012 
[2] Xu, M. and Chua, V. P., 2016. A Numerical study on circulation and 
volume transport in Singapore coastal waters, Journal of Hydro-environment 
research, Vol. 12, 70-90, doi: 10.1016/j.jher.2015.11.005 
[3] Xu, M. and Chua, V. P., 2016. A numerical study on flow and pollutant 
transport in Singapore coastal waters, Marine Pollution Bulletin, Vol. 111, 
160-177, doi: 10.1016/j.marpolbul.2016.07.014 
[4] Xu, M. and Chua, V. P., 2016. A numerical study on land-based pollutant 
transport in Singapore coastal waters with a coupled hydrologic-hydrodynamic 
model, Journal of Hydro-environment Research, accepted. 
[5] Xu, M. and Chua, V. P., 2016. Impacts of climate change on land-based 
pollutant transport in Singapore coastal waters, Journal of Hydro-environment 
Research, under review. 
[6] Xu, M., Tan, S.Y. and Chua, V. P., 2016. A numerical study on circulation 




[1] Xu, M. and Chua, V. P., 2013. Assessing effects of tidal mixing, inflows 
and rising sea-levels on estuarine properties, Proceedings of the 7th 
International Conference on Coastal Dynamics, Arcachon, France, 1927 - 
1936. 
[2] Xu, M. and Chua, V. P., 2014. Three-dimensional hydrodynamic modeling 
of Singapore coastal waters on an unstructured-grid, Proceedings of the 
OCEANS'14 MTS/IEEE Conference, Taipei, Taiwan. 
xxiv 
 
[3] Xu, M. and Chua, V. P., 2015. Numerical study on effects of tidal and 
wind forcing on volume transport in Singapore coastal waters, Proceedings of 
the 4th Annual International Conference on Sustainable Energy and 
Environmental Sciences, Singapore, 198 - 205. 
[4] Xu, M. and Chua, V. P., 2015. Hydrologic modeling of the Singapore-
Malaysia catchment, Proceedings of the World Engineers Summit (WES 
2015): Climate Change, Singapore. 
[5] Xu, M. and Chua, V. P., 2015. Numerical Study on Near-Shore Pollutant 
Transport in Singapore Coastal Waters, Presentation at 12th Annual Meeting 























Chapter 1  Introduction 
1.1 Background 
The Singapore coastal waters are defined as the area approximately between 
103°E to 104.6°E and 0.3°N to 2°N. The three main surrounding water bodies 
are the Malacca Strait to the west, the Java Sea to the south and the South 
China Sea to the east (Figure 1-1). 
 
Figure 1-1 Singapore coastal waters provided by Google Earth 
The circulation in this region is highly complex due to its complicated 
bathymetry, irregular coastlines, seasonal monsoons and the differences in 
tidal influences (Chen et al., 2005; Chen et al., 2010; Kurniawan et al., 2011; 
Hasan et al., 2012; van Maren and Gerritsen, 2012). The tides in Singapore 












tides from Pacific Ocean meet at the western part of the Singapore Strait 
(Wyrtki 1961; Hasan et al. 2013).  
1.2 Motivation 
Singapore Strait lies in the strategic crossroad of major shipping routes and 
houses one of the busiest shipping ports in the world. Economically, 
Singapore has experienced a rapid growth in the oil and chemical industry 
during the last two decades. Singapore is one of the largest oil refining centers 
in the world, with a crude oil processing capacity of around one million barrels 
per day. Water pollution has evolved into a serious issue, as a consequence of 
related frequent industrial and shipping activities in Singapore coastal waters, 
such as the Evoikos-Orapin Global oil spill in the Singapore Strait etc. These 
activities may also seriously affect coastal planning and navigation in 
Singapore coastal waters. To better address these issues, a deeper investigation 
of local sea-based tracer transport around key sailing locations is needed. To 
achieve this goal, an improved and thorough understanding of circulation and 
volume fluxes in Singapore coastal waters is essential. Preliminary work on 
volume fluxes in Singapore coastal waters has been conducted by earlier 
researchers. Chen et al. (2005) estimated volume fluxes in the Strait were 
found to fluctuate between 0.15 Sv eastward in the summer and 0.25 Sv 
westward in the winter monsoon seasons, with an annual mean of -0.04 Sv. 
They concluded that the net transport across the Singapore Strait is controlled 
by the pressure gradient created by monsoonal mean sea level differences, 
tidal range differences across the strait and the topography. Respective effects 




al. (2010) made similar conclusions by decomposing the predicted currents 
into tidal, wind and eddy-driven components, they identified each of the 
components separately and their relative importance in Singapore coastal 
waters. They found that tidal circulation is dominant in Singapore coastal 
waters, and even though the wind and eddy-driven components are relatively 
small, they may have significant effects on the local circulation and material 
transport. However, in earlier work concerning volume fluxes in Singapore 
coastal waters, MDT (Mean Dynamic Topography) forcing, which is the 
stationary portion of long-term residuals of tides, meteorological forcing and 
geostrophy, are ignored at open boundaries.  
Very little research has been performed to investigate transport of pollutants or 
tracers in the coastal waters around Singapore. Yew et al. (2001) developed an 
oil spill-food chain interaction model to investigate the impacts of oil spills on 
marine organisms and was applied to the Evoikos-Orapin Global oil spill in 
the Singapore Strait. Chao et al. (2003) applied a three-dimensional oil spill 
model to simulate an oil slick movement in Singapore coastal waters. Model 
predictions compared well with satellite images and field observations of oil 
slicks on the water surface in Singapore Strait. While scenario discussions of 
local sea-based tracer transport in Singapore coastal waters are still missing, 
especially around the six key sailing points published by National Geospatial-
Intelligence Agency, USA (NGA US 2013). 
Singapore-Johor catchment is defined as the area approximately between 
103 °E to 104.6 °E and 0.3 °N to 2 °N (Figure 1-1). The incidences of heavy 




catchment. Flooding causes severe damage such as destroy of infrastructure, 
transportation, and economic loss. In the southern part of Peninsular Malaysia, 
flood disasters from 1900 to 2011 have caused the deaths of 311 people, 
affected 1,232,058 people and led to total damages of around USD 
943,378,468.6 (International Disaster Database, 2011). In addition, land-based 
pollutants resulted from frequent agricultural, economic and industrial 
activities in this region would be carried into Singapore coastal waters by 
streamflow, especially during flood events. The transport of land-based tracers 
which represent ideal pollutants in Singapore coastal waters would 
significantly affect coastal management, public health and recreation activities 
along shorelines, which would be raised as a potential public concern. 
Therefore, to mitigate public concern about potential risk of land-based 
pollution due to frequent agricultural, economic and industrial activities, a 
thorough and systematic study on possible land-based tracer transport in 
Singapore coastal waters is necessary, which is little touched in earlier studies, 
i.e. Yew et al. (2001) and Chao et al. (2003).  
1.3 Objectives and scope of research 
The main objective of the current research is to investigate circulation, volume 
fluxes and tracer transport in Singapore coastal waters. To better illustrate the 
research problems in complex real environment, a three-dimensional 
hydrodynamic model, a nested hydrodynamic model and a one-way coupled 
hydrologic-hydrodynamic model are newly developed.  




 To investigate the circulation pattern and effects of different forcing 
terms on volume fluxes throughout the whole year with the newly-built 
three-dimensional unstructured-grid hydrodynamic model 
 To investigate tracer transport from local sea-based key sailing 
locations during different monsoons with a new nested three-
dimensional hydrodynamic model in Singapore coastal waters 
 To track tracer pathways from land-based continuous sources at 
upstream of rivers in Singapore-Johor Catchment in Singapore coastal 
waters using a newly-developed one-way coupled hydrologic-
hydrodynamic model 
1.4 Thesis structure 
This thesis is organized as follows: 
Chapter 1 introduces the research background and lays out the objectives and 
scope of the research.  
Chapter 2 conducts a comprehensive review on the previous literatures. 
These literatures are categorized into four groups: namely previous numerical 
modeling in Singapore coastal waters, previous volume fluxes modelling work, 
the ever studies of tracer transport and model coupling, respectively.  
Chapter 3 builds up a three-dimensional unstructured-grid hydrodynamic 
model for Singapore coastal waters. Detailed calibration of both sea surface 
elevations and velocities are carried out. The model is applied to study the 




Seven different runs are simulated to better identify those effects separately, 
namely: Run 1-forced by ADT; Run 2 -forced by tides and local winds; Run 3-
forced by ADT, tides and local winds; Run 4-forced by SLA; Run 5-forced by 
MDT; Run 6-forced by tides; Run 7- forced by local winds. 
Chapter 4 presents a nested three-dimensional unstructured-grid 
hydrodynamic model which is applied to Singapore coastal waters to simulate 
local sea-based tracer transport. The model was forced at the open boundaries 
with sea surface elevations and current velocities output from earlier 
hydrodynamic model with larger domain. In the nested model, local sea-based 
pollutants are regarded as passive tracers, which are released at six selected 
key sailing locations when flood tides start. Depth-averaged tracer field is 
drawn to show the dispersion process after each passive tracer is released.  
Chapter 5 shows a one-way coupled hydrologic-hydrodynamic model which 
is employed to perform three-dimensional land-based tracer transport 
simulations in Singapore coastal waters. The coupled hydrologic-
hydrodynamic model is validated with observed sea surface elevations and 
velocities. Land-based tracers which represent ideal pollutants are released 
continuously at upstream of tributaries and their dispersion processes are 
simulated by the coupled hydrologic-hydrodynamic model.  
Chapter 6 provides research conclusions and recommendations. In this 
chapter, respective conclusions are drawn and research limitations are defined. 




Chapter 2  Literature Review 
2.1 Review of Singapore coastal waters modelling 
Pioneer work of Singapore coastal waters modelling can be dated back to 
1990s, during which time studies of Shankar et al (1997) and Cheong et al. 
(1991) modelled circulation in this region with two-dimensional depth-
integrated approach. While depth-integrated circulation models are able to 
predict tides accurately, it cannot predict velocity, temperature and salinity of 
water columns to a reasonable degree of accuracy, especially in shallow water 
regions. Water depth has got a much more prominent role on these water 
column properties. Therefore, three-dimensional models are required for a 
realistic simulation of the flow field and the vertical distribution of the 
currents in Singapore coastal waters. 
In many earlier three-dimensional circulation models simulated for the 
Singapore Strait (Chao et al., 1999; Zhang and Gin, 2000; Zhang et al., 2004; 
Chen et al., 2005; Zhang, 2006; Chen et al., 2010), the comparison of 
numerical results with the measured data shows good conformity. Chen et al. 
(2005) used a primitive equation model, the Princeton Ocean Model (POM), 
assuming hydrostatic and Boussinesq approximation and forced by 
hydrodynamic pressure gradient, tides and wind for the seasons experienced in 
the region. He concluded that the overall circulation in the Singapore Strait is 
governed by tide and the pressure gradient between the ends of the strait.  
Recently, significant progress was made in numerical modeling of the 




Singapore coastal waters was carried out by Kurniawan et al. (2011), with a 
two-dimensional depth-averaged model on a spherical, curvilinear grid. They 
employed a structured approach to analyze the sensitivity of the modeled tides 
with an open-source tool (OpenDA), and found that Singapore coastal waters 
is most sensitive to tidal forcing along the open boundaries, compared to 
variations in depth and friction. Hasan et al. (2012) improved model 
performance by refining and aligning grids with depth contours. They set open 
boundaries far away from Singapore coastal waters to avoid underestimation 
of diurnal currents caused by an amphidromic point in the vicinity. They 
found that increasing the grid resolution only is not sufficient to substantially 
improve hydrodynamic models, considering the importance of grid alignment 
with depth contour. van Maren and Gerritsen (2012) further improved this 
regional model and showed that the diurnal tidal wave is primarily standing, 
with an amphidromic point close to Singapore. This clearly explains the 
dominantly diurnal current and semi-diurnal water level oscillations. They 
found that interaction of the diurnal and the semi-diurnal spring-neap cycles, 
compound tides, and the monsoon currents result in pronounced yearly and 
half-yearly cycles in spring tidal current amplitude. Hasan et al. (2013) 
analyzed intratidal spring-neap variations of turbulent mixing and stratification 
in the ebb-dominated Johor estuary with the improved model in Kurniawan et 
al. (2011). A remarkable asymmetry between flood and ebb tides is found with 
vertical profiles of salinity, flow velocity, and eddy diffusivity. The eddy 
diffusivity, energy dissipation rate, and the building up of stratification are 




straining is more important for the intratidal variation in mixing and 
stratification than tidal asymmetry.  
The earlier numerical modelling work of Singapore coastal waters has laid 
foundation for the modelling work involved in this thesis. Their important 
knowledge and modelling skills have ensured a much higher quality of 
numerical modelling of Singapore coastal waters, which is also the basis of 
my research work.  
2.2 Review of volume flux modelling 
Volume flux through a specific transect is defined as the integration of the 
product of current velocities and vertical water surface area over the whole 
water column. It is meaningful to the circulation in specific area of interest 
mainly due to its insight into the dynamic water transport into and out of this 
region. In the following paragraphs, earlier important findings about volume 
flux modelling both in and outside Singapore coastal waters are summarized 
and their original contributions to numerical modelling of volume fluxes are 
addressed.  
Numerical modelling of volume fluxes outside Singapore coastal waters has 
set great examples to follow in my research work. Around three decades ago, 
Lee and Williams (1988) applied a simple coastal response model to the 
Straits of Florida to investigate volume fluxes fluctuations of the Florida 
Current. The model is forced by along-channel winds only as the volume 
fluxes is mostly generated by local meridional wind stress. The predicted 




voltages for synoptic scale winter winds and moored current meters. Metzget 
and Hurlburt (1996) applied Navy layered ocean model (NLOM) to study 
effects of the seasonally reversing monsoon winds, the complex geometry and 
the connectivity with the Pacific Ocean. Rahmstorf (1996) discussed results 
from a global circulation model and a simple conceptual model. The 
freshwater loss to the atmosphere is observed mainly in the subtropical South 
Atlantic. In Ko et al. (2003), a numerical ocean model is employed to examine 
the observed transport reversals at Taiwan Strait during October and 
November 1999. Majority of the transport reversals can be explained by wind 
stress. To get the reversals, the model is forced by a combination of the remote 
wind and the local wind in the East and Yellow China Seas. As observations 
of flow through the Taiwan Strait are limited, Wu and Hsin (2005) constructed 
a fine grid resolution model with realistic bathymetry to study their temporal 
and spatial structures. When the model is forced by the QSCAT wind forcing, 
best simulation results are observed.  
Fang et al. (2009) examined the South China Sea interocean circulation and 
related water transport with a high resolution variable-grid global ocean model. 
The model simulates circulation from 1982 to 2003. The South China Ssea 
branch of the Pacific-to-Indian Ocean throughflow is found to start at the 
Luzon Strait and extend to the Karimata Strait in winter. In Wang et al. (2009), 
water transport through the four major straits in the South China Sea is 
investigated by HYCOM. The model is forced by ECMWF wind and heat to 
assess the seasonal variations of water transport. The Mindoro Strait is found 




the Luzon Strait. An obvious seasonal cycle of water transport through the 
four straits is found by model results.  
However, very few published papers have touched the volume fluxes in 
Singapore coastal waters. Due to the limit of observed currents data in this 
region, numerical models are employed to study volume fluxes. Chen et al. 
(2005) studied the hydrodynamics of the Singapore Strait with a three-
dimensional POM-type model under tidal, hydrodynamic pressure and wind 
conditions. A hydrodynamic pressure gradient is created by the mean sea level 
difference, which causes varying net transport of water through the strait. 
Water flows are found to flow eastward from April to August and reverse 
direction from October to February. The tidal range increases in a linear 
fashion from east to west. The inequality of the tidal range, together with the 
influence of the hydrodynamic pressure gradient and topography, generate a 
westward yearly mean transport. The net transport across the Strait of 
Singapore is concluded to be controlled by the pressure gradient, tidal range 
differences and the topography. Surface currents with magnitudes exceed 2m/s 
are found in the narrowest passage in the Singapore Strait during both 
monsoon seasons. Correlations between monsoon wind forcing and pressure 
gradients are well illustrated by model results. According to earlier published 
papers as reported above, a new model with much larger domain covers the 
northern Indian Ocean and the South China Sea is needed to demonstrate the 
exact relationship. The non-tidal forcing involved in Chen et al. (2005) needs 
to be checked and confirmed before drawing corresponding conclusions of 




The lack of extensive study on volume fluxes in Singapore coastal waters, 
especially the effects of different forcing terms on volume fluxes as 
investigated in other regions, has provided a great opportunity of my research 
work. The deeper understanding of circulation, volume fluxes and effects of 
different forcing terms on them is also essential for other more practical 
applications and studies of Singapore coastal waters.  
2.3 Review of tracer transport modelling  
The studies of tracer transport in particular local seas or oceans are important 
mainly due to its meaningful hints on possible pollutant transport, while 
pollutants are regard as ideal passive tracers in tracer transport studies. 
Although passive tracers lack the specific properties of real pollutants, such as 
chemical and biological properties, they still can provide important guidance 
to coastal management and sustainable development as reported in earlier 
publications.  
Regarding tracer transport work, the earliest finding is reported in Lardner et 
al. (1988a). They formulated a convection-diffusion model to simulate 
transport of passive pollutants in the Arabian Gulf. The pollutant is regarded 
as a large ensemble of small discrete quantities and is subject to diffusion and 
convection process. A three-dimensional hydrodynamic model of the same 
region provides current velocity that generates movement of the surrounding 
water body, which results in the convection. After that, Lardner et al. (1988b) 
presented an improved tracer transport model for the Arabian Gulf. The new 




The model has been particularly developed for oil spill simulations. Wind-
forcing dominates the residual currents in this part of the Gulf. By solving the 
shallow-water equations for the depth-averaged velocities and the momentum 
equations for the vertical velocity profiles, the model computes the mean 
wind-driven currents for each month. Convection, surface spreading of the 
slick, evaporation and dispersion into the water column, and both horizontal 
and vertical dispersion of the pollutant plume are also included in the model. 
A 5000-barrel surface spill in the Marjan offshore oil field is simulated with 
this model. 
Wonderful examples of tracer transport could be found all around the world. 
Huang and Spaulding (1995) employed a three-dimensional numerical model 
to examine pollutant impacts induced by the CSO. A dye is released at CSO 
discharges during a storm event on September 22, 1990. The model was used 
to simulate the dye transport processes in the bay. Simulated sea surface 
elevation, currents, salinity, and dye concentrations matched well with 
observations. The flushing time is estimated from time series of predicted dye 
concentrations, which was approximately 2 days at mid-bay. A coupled flow 
and tracer transport model is developed in Sanders et al. (2001). It is used to 
predict the tidal transport of urban runoff in a southern California network of 
flood control channels. Simulations of the transport of the pollutants toward 
the coastline are performed. Predicted water level, velocity, and a conservative 
urban runoff tracer compared well with field measurements. Chau and Jiang 
(2002) developed and implemented a three-dimensional, numerical tracer 




distribution and transport in the Pearl River Estuary. In Naoum et al. (2005), a 
GIS pre-processor was developed to produce bathymetric grids and shorelines 
for open and closed boundary. The outcome is input to a three-dimensional 
hydrodynamic and tracer transport model to simulate the currents and tracer 
transport in lakes and coastal areas. Perianez (2005) developed a model to 
simulate the transport of suspended particulate matter by the Rhone River 
plume. In Lee and Seo (2010), RAM4 is developed to simulate the 
instantaneously released tracer transport. By defining some initial 
concentration at a source point, the instantaneous mass release was expressed. 
Coupling with the hydrodynamic model RMA2, it was applied to simulate a 
few scenarios of mass dumping accidents in the Han River. Zhang and Song 
(2010) developed a three-dimensional numerical model for wind-driven 
circulation and tracer transport. After calibrating with analytical solutions for 
source diffusion, the model is applied to Taihu Lake. Results show that the 
model can simulate wind-induced tracer transport accurately. 
Schimmelpfennig et al. (2012) applied the two-dimensional Princeton Ocean 
Model with high spatial resolution and dynamic wind forcing to identify the 
effects of wind and river discharge on mass transport and the currents in Lake 
Tegel. Simulation results compared well with electrical conductivity data, 
which was used as a conservative tracer to distinguish between water from the 
River Havel and water supplied by a smaller second inflow. In Periandz et al. 
(2013), a numerical model was developed to simulate the dispersion of 
particle-reactive tracers in Cdiz Bay. It includes a hydrodynamic sub-model, a 




hydrodynamic model is used to simulate water currents. Suspended matter 
concentrations and sedimentation rates are provided by the sediment transport 
model. The hydrodynamic and sediment transport models predicted results 
compared well with observations. The model is used to simulate the 
contamination of sediments of the bay by fallout 
137
Cs. The model reproduced 
an accumulation in the inner bay, which was found in field measurements. 
Dispersion experiments for Zn and 
226
Ra have also been conducted to 
determine flushing-times of the inner bay. 
Despite the wide application of tracer transport in the world, little research is 
conducted in Singapore coastal waters to study the possible dispersion of 
pollution induced by increased local sea and on land economic, industrial and 
agricultural activities. Few publications concerning possible transport of 
pollution in Singapore coastal waters are found. In Yew et al. (2001), an oil 
spill-food chain interaction model is presented to investigate the impacts of oil 
spills on several key marine organisms. The coupled model is applied to the 
famous Evoikos-Orapin Global oil spill in the Singapore Strait. Chao et al. 
(2003) applied a three-dimensional oil spill model to simulate an oil slick 
movement in Singapore coastal waters. Model results prove its capability in 
predicting the mass balance of oil spill, the horizontal movement of surface oil 
slick and the oil particle concentration distribution in water body. Model 
predictions compare well with satellite images and field observations of oil 
slicks on the surface in the Singapore Straits, and measurements of the vertical 




My second and third objectives of this thesis, which are performing numerical 
modelling of tracer transport in Singapore coastal waters from both local sea-
based point sources and land-based continuous sources, are mainly on the 
basis of the scarcity of related research while which of great importance and 
meaning to a coastal state like Singapore. Better costal management and 
sustainable development of Singapore can only be possible when we have 
acquired necessary knowledge of how the pollution will transport in Singapore 
coastal waters and what regions will be affected by how long time when it 
really happens, which is exactly the final goal of this thesis. 
2.4 Review of model coupling 
Model coupling is a difficult while helpful numerical technique in numerical 
modelling of tracer transport. It can achieve the balance between model 
accuracy and efficiency with a reasonable computational cost, which are the 
forever topics of numerical modelling. There are two kinds of model coupling, 
namely one-way coupling when the data flow is only one way from one model 
component to the others, and two-way coupling when data exchange is 
necessary between component models. The following reviewed papers have 
set great examples of different pathways to accomplish model coupling.  
Model coupling is quite new in numerical modelling area while widely used, 
as reported in published papers. In Inoue et al. (2008), a two-dimensional 
depth-integrated hydrodynamic model of the basin is one-way coupled with a 
hydrological model of local runoff from the surrounding drainage basin. The 




Mexico, rainfall and evaporation over the model domain. The model can be 
used to simulate salinity changes in response to a variety of climactic 
conditions including drought and flood, and the introduction of freshwater 
diversions. Debele et al. (2008) integrated two powerful hydrological and 
water quality models (SWAT and CE-QUAL-W2) with one-way coupling to 
simulate the combined processes of water quantity and quality in both the 
downstream waterbody and upland watershed. In this coupled model, SWAT 
outputs water quality variables and inputs organic matter contents into the CE-
QUAL-W2 model. The CE-QUAL-W2 model was calibrated for various water 
quality and hydrodynamic simulations in the Cedar Creek Reservoir, TX, USA. 
Huang et al. (2010) developed an one-way coupled distributed hydrologic 
model with remote sensing (RS)/geography information system (GIS) to 
simulate the rainfall runoff, evapotranspiration process of the hydrologic cycle 
and snow melting for water resources management of the Tarim River Basin, 
China. Paiva et al. (2011) presented a large-scale hydrologic model with a full 
one-dimensional hydrodynamic module to calculate flow propagation on a 
complex river network and is applied in Paiva et al. (2013). In Du et al. (2012), 
an integrated modeling system, which one-way coupled a dynamic land-use 
change model and a distributed hydrologic model, was developed and applied 
to assess effects of urbanization on annual runoff and flood events of the 
Qinhuai River watershed in Jiangsu Province, China. Kim et al. (2012) 
developed a one-way coupled hydrologic-hydrodynamic model framework, 




disturbances due to vegetation and obstacles, converging-diverging flow 
characteristics and backwater effects feasible.  
Dresback et al. (2013) developed the ASGS-STORM (ADCIRC Surge 
Guidance System – Scalable, Terrestrial, Ocean, River, Meteorological) 
system which incorporates tides, waves, winds, rivers and surge with two-way 
coupling technique to produce a total water level. It was tested during 
Hurricane Irene in real-time by forcing the coupled system with forecasted 
wind and pressure fields computed using a parametric tropical cyclone model. 
ASGS-STORM shows notable skill in capturing these parameters when 
utilizing Advisory 28 while showed slight over-prediction for two advisories 
(Advisory 23 and 25) due to the over-estimation of the storm intensity. 
Therefore, accurate input from the weather forecast is a necessary, but not 
sufficient, condition to ensure the accuracy of the guidance provided by the 
system. Viero et al. (2014) demonstrated a two-way approach to couple a two-
dimensional shallow water model with a two-dimensional saturated flow 
model to reproduce floods in a lowland catchment. The model is calibrated and 
validated against field data of two rural lowland catchments in the North-East of 
Italy. The good agreement between computed and measured the catchments’ 
outlet’s discharge and spatial pattern of inundated areas show that the model is 
able to reproduce overland flow and take the surface-subsurface flow 
interaction and relevant subsurface processes into account. 
One-way coupling is adopted in this thesis as the data flow is mainly from the 
hydrologic model to the hydrodynamic model. Two-way coupling is needed 




Chapter 3  A numerical study on circulation and volume 
fluxes in Singapore coastal waters 
3.1 Introduction 
Singapore Strait lies in the strategic crossroad of major shipping routes and 
houses one of the busiest shipping ports in the world. Economically, 
Singapore has experienced a rapid growth in the oil and chemical industry 
during the last two decades. Singapore is one of the largest oil refining centers 
in the world, with a crude oil processing capacity of around one million barrels 
per day. Water pollution has evolved into a serious issue, as a consequence of 
related frequent industrial and shipping activities in Singapore coastal waters. 
These activities may also seriously affect coastal planning and navigation in 
Singapore coastal waters. To better address these issues, an improved and 
thorough understanding of circulation and volume fluxes is essential. However, 
relatively few studies illustrate these well, especially the effects of different 
forcing terms on volume fluxes in Singapore coastal waters.  
Preliminary work on volume fluxes in Singapore coastal waters has been 
conducted by earlier researchers. Chen et al. (2005) forced the Princeton 
Ocean Model (POM) with tides, monthly mean wind and hydrodynamic 
pressure gradient to perform simulations of flow in Singapore coastal waters. 
Estimates of volume fluxes in the Strait were found to fluctuate between 0.15 
Sv eastward in the summer and 0.25 Sv westward in the winter monsoon 
seasons, with an annual mean of -0.04 Sv. They concluded that the net 




created by monsoonal mean sea level differences, tidal range differences 
across the strait and the topography. Respective effects of forcing terms on 
volume fluxes are not well illustrated in this study. Chen et al. (2010) made 
similar conclusions by employing three-dimensional simulations of Singapore 
coastal waters using the Finite Volume Coastal Ocean Model (FVCOM). By 
decomposing the predicted currents into tidal, wind and eddy-driven 
components, they identified each of the components separately and their 
relative importance in Singapore coastal waters. They found that tidal 
circulation is dominant in Singapore coastal waters, and even though the wind 
and eddy-driven components are relatively small, they may have significant 
effects on the local circulation and material transport. 
However, in earlier work concerning volume fluxes in Singapore coastal 
waters, MDT (Mean Dynamic Topography) forcing, which is the stationary 
portion of long-term residuals of tides, meteorological forcing and geostrophy, 
are ignored at open boundaries. ADT (Absolute Dynamic Topography) 
accounts for both stationary component of sea levels induced by MDT and 
their seasonal variations induced by SLA (Sea Level Anomaly), which 
represents the large-scale and long-term (seasons) monsoon effects (Twigt, 
2007; van Maren and Gerritsen, 2012). In this chapter, a three-dimensional 
hydrodynamic model forced by ADT, tides and local winds was applied to 
Singapore coastal waters to study effects of different forcing terms on volume 
fluxes. The chapter is organized as follows. Section 3.2 describes the 
hydrodynamic model and the Singapore coastal model setup. Section 3.3 




focusing on the circulation patterns and effects of different forcing terms on 
volume fluxes in Singapore coastal waters. Section 3.5 draws conclusion. 
3.2 Methods 
A three-dimensional unstructured-grid SUNTANS model (Fringer et al. 2006) 
is employed to simulate flow in Singapore coastal waters, which is also 
adopted in Chua and Xu (2014).  
3.2.1 Hydrodynamic model  
The governing equations are the three-dimensional, Reynolds-averaged 



































subject to incompressibility,  
𝛻 ∙ 𝒖 = 0  
(3-3) 






𝒆𝑦, the free-surface 
height is ℎ , the velocity vector is 𝒖  and 𝑢(𝑥, 𝑦, 𝑧, 𝑡) , 𝑣(𝑥, 𝑦, 𝑧, 𝑡)  and 
𝑤(𝑥, 𝑦, 𝑧, 𝑡) are the Cartesian velocity components in the 𝑥, 𝑦 and 𝑧 directions. 
The horizontal and vertical eddy viscosities are given by 𝜈𝐻  and 𝜈𝑉 , 
respectively. The vertical momentum equation is not present because 












where 𝜌0 is the constant reference density and the total density is given by 
𝜌0 + 𝜌. The Coriolis term is given by 𝑓 = 2Ωsin𝜙, where Ω is the angular 
velocity of the Earth and 𝜙  is the latitude. The density perturbation 𝜌  is 
computed with a linear equation of state in terms of the salinity 𝑠  using 
𝜌 = 𝜌0(1 + 𝛽(𝑠 − 𝑠𝑜
𝑅)) , where 𝜌0  and 𝑠𝑜
𝑅  are reference states and 𝛽 =
7.5 × 10−4 psu-1. 















) = 0 
(3-5) 
where 𝑑 is the water depth.  
Temperature and salinity are set with observed values of 30 °C and 33 psu, 
respectively. The variations are small throughout the domain and may be 
ignored in our simulations. These equations are solved using the methods 
described in Fringer et al. (2006), in which the free-surface height and vertical 
diffusion of momentum are advanced implicitly with the theta-method, and all 
other terms are advanced with the second-order Adams-Bashforth method. For 
advection of momentum, the Eulerian-Lagrangian method (ELM) is employed.  
The quadratic drag law is applied at the bottom boundary to compute the 
bottom stress with  




Where 𝝉𝒃 is a vector, 𝐮𝟏 is the horizontal velocity vector in the first grid cell 
above the bed, 𝑈1 is its magnitude and the drag coefficient 𝐶𝑑  is computed 











where 𝑧1  is the location of 𝑈1  at a distance of one-half the bottom-most 
vertical grid spacing above the bed and κ is the von Karman’s constant. A 
spatially-varying z0 is used, such that in shallow regions (with depth less than 
1.0 m), we set z0 = 10
−3  m. The roughness coefficient z0  is adjusted to 
calibrate the three-dimensional model and is set as z0 = 9 × 10
−6 m in other 
regions. The surface elevations are relatively insensitive to the choice of z0, 
and z0  is chosen so that the predicted velocities show a good level of 
agreement, as found in Chua and Fringer (2011). The small value is likely 
necessary to partially compensate for errors due to numerical diffusion when 
using ELM for advection of momentum (Wang et al. 2009). 
The horizontal turbulent mixing of momentum in SUNTANS is determined 
with a constant eddy-viscosity 𝜈𝐻 . The Mellor-Yamada level 2.5 (MY2.5) 
model (Mellor and Yamada, 1982), with stability functions modified by 
Galperin et al. (1988) is used to compute the vertical eddy-viscosity 𝜈𝑉 . 
MY2.5 is a two-equation model that computes the evolution of the turbulent 






























) + 𝑙(0.9𝑃 + 0.9𝐵 − 0.5𝜀) 
(3-9) 
where 𝑃 and 𝐵 are the rate of shear and buoyant production, respectively. 𝜀 is 
the dissipation rate and 𝑞  is the turbulent velocity scale. 𝑢?̅?  is the time-
averaged velocity. Details of methods to calculate the values of 𝑃, 𝐵 and 𝜀 in 
SUNTANS are presented in Wang et al. (2011). 
3.2.2 Model setup  
The domain is defined as the area approximately between 94°E to 114°E and 
8°S to 14°N, including the southern part of Thailand, peninsula Malaysia, 
Singapore island, eastern part of Indonesia and the southern part of Cambodia 
(Figure 3-1). The coastline for our domain is obtained from the Global Self-
consistent, Hierarchical, High-resolution Geography (GSHHG) database and 
is combined with the Singapore Electronic Navigational Chart (ENC). The 
model uses a combination of bathymetric data from two sources, namely the 
Singapore Electronic Navigational Chart (ENC) for the coastal waters around 
Singapore and the General Bathymetric Chart of the Oceans (GEBCO) for 
offshore waters (Figure 3-2). The vertical datum is defined as the mean sea 
level (MSL). For our simulations, the coastline and bathymetry data were 
converted from geographic horizontal datum to Cartesian coordinates using 
the Mercator projection. 
Figure 3-1 shows the unstructured grid of our domain, with a resolution of 
roughly 100 - 200 m around Singapore and in areas close to the shoreline. The 




waters. The gradual transition in grid cell lengths prevents numerical errors 
associated with abrupt transitions in grid size. The unstructured grid is 
generated using the Surface Water Modeling System (SMS). The model 
employs up to 40 z-layers in the vertical. Partial stair-stepping is employed so 
that the bottom faces of the bottom-most cells coincide with the interpolated 
depth at the cell centers. The vertical resolution is refined in the upper layers 
with a stretching ratio of 10% moving downward. The total number of cells in 
the three-dimensional grid is approximately 1 million. 
 
Figure 3-1. Unstructured-grid of the model domain with a zoom-in view of 
Singapore coastal waters. Locations of stations for model calibration are 
shown. Legend: Sea surface elevations (yellow dots), velocities (black dots), 
volume fluxes (red lines). 
 
 
Figure 3-2. Bathymetry (in m) of the model domain with a zoom-in view of 















The simulation is initialized with a flat free surface and a quiescent velocity 
field. The three main water bodies surrounding Singapore island are Malacca 
Strait to the west, Java Sea to the south and South China Sea to the east, 
corresponding to the locations of the three open boundaries in our model. The 
model was forced at the open boundaries with the sea-surface heights,  





where 𝐻0 is the mean height of water level above datum, 𝐴𝑗 is mean amplitude 
of constituent, 𝑓𝑗 is the node factor for adjusting 𝐴𝑗 to year of prediction, 𝜔𝑗 is 
the speed of constituent, 𝐸𝑗 is the equilibrium argument of constituent at 𝑡 = 0, 
𝜙𝑗 is the phase lag or Epoch (from astronomic event to maximum amplitude 
of constituent). The tidal boundary conditions are specified using the OSU 
Tidal Inversion Software (OTIS) harmonic constants (Egbert et al., 1994; 
Egbert and Erofeeva, 2002) predicted with OSU Tidal Prediction Software 
(OTPS). The Indian Ocean (IO) regional inverse solution is selected to extract 
amplitudes and phases of eight main tidal harmonic constituents (M2, S2, N2, 
K2, K1, O1, P1, Q1) at each grid point along the open boundaries. Node factor 
(𝑓𝑗) and equilibrium argument (𝐸𝑗) are determined with their respective values 
for the simulation year, as tabulated in Zetler (1982) and discussed in Parker 
(2007). 
We also force our model with a mean annual cycle of the monsoon-induced 
surface elevation at three open boundaries (the Andaman Sea in the northwest, 
the South China Sea in the northeast, and the Java Sea in the southeast), 




(2013). The nontidal monsoon-induced surface elevation (ADT) is derived 
from DUACS dataset, which consists of merged data from available satellites 
(T/P, ERSI-2, GFO, ENVISAT, JASON01) for 15 years (Twigt, 2007). This 
data consists of gridded maps of ADT data at a temporal interval of 7 days and 
a spatial resolution of ~l/3 degree. Along-track data is mapped to a fixed grid 
based on optimal interpolation algorithms. We employ Absolute Dynamic 
Topography (ADT) data, which is related with Sea Level Anomaly (SLA) by: 
𝐴𝐷𝑇 = 𝑆𝐿𝐴 + 𝑀𝐷𝑇 
 
(3-11) 
where the Mean Dynamic Topography (MDT) signifies the stationary part of 
the ocean currents, due to long term residuals by tides, meteorological forcing 
and geostrophy. MDT at Andaman Sea, South China Sea and Java Sea are 
2.13 m, 2.33 m and 2.16 m, respectively (Rio and Hernandez, 2004). SLA 
signifies water level variability with respect to mean components, such as inter 
annual, seasonal variations, etc, and is obtained by subtracting MDT from 
ADT. ADT is the combination of both SLA and MDT, and as such takes both 
the stationary component as well as the time-dependent variations into account. 
ADT at open boundaries is presented in Figure 3-3. As mentioned in van 
Maren and Gerritsen (2012), this monsoon-induced surface elevation setup 
represents the large-scale and long-term (seasons) monsoon effects. To 
account for small-scale and short-term (hours) wind effects, our model is also 
forced by hourly observed wind data at 59 National Climate Data Center 





Figure 3-3. Time series of ADT at open boundaries (Twigt, 2007). Legend: 
Andaman Sea (black), South China Sea (blue), Java Sea (red).  
The Coriolis parameter is assumed constant and is given by  f = 3.485 × 10-6 
rad s
-1
 at the latitude of 1.369 °N. The effects of the constant Coriolis 
parameter on sea surface elevations and current velocities are quite minor, as 
shown in Figure 3-4,  
 and  
. An example snapshot of eddy-viscosity vertical profile for a transect between 
(103.782 °E, 1.152 °N) and (103.865 °E, 1.205 °N) in Singapore Strait on 2 





/s. The sea surface elevations calibration simulation is 
performed from 3 January 2003 to 17 January 2003 for model calibration. A 
time step of 10 s is chosen. With this time step, simulation of the 14-day 
period requires 120,960 time steps. The velocities calibration simulation is 
carried out between 19 November and 8 December 2013 and requires 164,160 
time steps. The volume fluxes simulations are performed for the year 2003, 



























which requires 3,153,600 time steps. The simulations were run at the High 
Performing Computing Center at the National University of Singapore. 
Twelve processors are used and the model runs roughly 26 times faster than 
the wall clock. 
 
Figure 3-4. Comparison of sea surface elevations (in m) under two Coriolis 
frequency settings at Stations 4 – 6 and 10 - 12. Legend: Coriolis frequency of 
 f = 3.485 × 10-6  rad s-1 at the latitude of 1.369 °N (black line), Coriolis 
frequency of  f = 3.485 × 10-5 rad s-1 at the latitude of 14 °N (blue line). 










































































































Figure 3-5. Comparison of velocity component U (in m/s) under two Coriolis 
frequency settings at Stations 4 – 6 and 10 - 12. Legend: Coriolis frequency of 
 f = 3.485 × 10-6  rad s-1 at the latitude of 1.369 °N (black line), Coriolis 
frequency of  f = 3.485 × 10-5 rad s-1 at the latitude of 14 °N (blue line). 
 









































































































Figure 3-6. Comparison of velocity component V (in m/s) under two Coriolis 
frequency settings at Stations 4 – 6 and 10 - 12. Legend: Coriolis frequency of 
 f = 3.485 × 10-6  rad s-1 at the latitude of 1.369 °N (black line), Coriolis 
frequency of  f = 3.485 × 10-5 rad s-1 at the latitude of 14 °N (blue line). 








































































































Figure 3-7. An example eddy-viscosity vertical profile between (103.782 °E, 






3.3 Model calibration  
The model calibration is performed for sea surface elevations and currents at 
the stations shown in Figure 3-1.  
3.3.1 Sea Surface Elevations 
The surface elevation calibrations are performed via comparison to 
observations at University of Hawaii Sea Level Center (UHSLC) stations 
throughout the domain. The locations of the twelve stations are namely: (1) 
Bintulu (UH387), (2) Cendering (UH320), (3) Jakarta (UH161), (4) Kelang 
(UH140), (5) Keling (UH141), (6) Ko Lak (UH328), (7) Ko Taphao Noi 
(UH148), (8) Kuantan (UH322), (9) Kukup (UH325), (10) Langkawi (UH142), 
(11) Lumut (UH143) and (12) Penang (UH144) (Figure 3-1). Figure 3-8 and 
Figure 3-9 show the time series comparisons for predicted and observed sea 
surface elevations. The diurnal and semi-diurnal tidal ranges and spring-neap 
tidal cycle are well produced by the model at all stations. At Stations 1 – 3, 6 – 




















N) in Singapore Strait
 
 




















8 and 10 - 12, the model-predicted and observed data show very good 
agreement in terms of both tidal range and phase. At Stations 4, 5 and 9, the 
model-predicted surface elevations reproduced the semi-diurnal and diurnal 
cycles in the observed data, while slightly overestimated peak values. 
The model skill assessment is performed by computing the metrics, i.e. mean 
absolute (MA) and root-mean-square (RMS) errors and correlation 
coefficients (r). We compute mean absolute (MA) and root-mean-square 
(RMS) errors of time series with N elements using:  
𝑀𝐴𝐸 =  
1
𝑁
∑|(𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑜𝑏𝑠)| 
  
(3-12) 





where X  is the desired quantity to compare, i.e. sea surface elevations or 
depth-averaged currents. The correlation coefficient is computed with:  
𝑟 =  
∑(𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅)(𝑋𝑜𝑏𝑠 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ )
√∑(𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅)2∑(𝑋𝑜𝑏𝑠 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ )2
 
(3-14) 
where ?̅? is the quantity averaged over the calibration period.  
Statistical evaluation of the model performance for surface elevations is 
presented in Table 3-1. At most stations, RMSEs are around 0.17 m, RMSEs 
in percentage are around 7% and correlation coefficients exceed 0.96. This is 
comparable to a RMSE of 0.17 m of the Singapore Regional Model (SRM) 
developed with Delf3D-flow (Kurniawan et al. 2011; van Maren and Gerritsen, 
2012; Hasan et al., 2012; Hasan et al., 2013, etc.) with a smaller model domain, 




The errors are larger for stations along the east coast of peninsula Malaysia. 
This is because OTPS is able to obtain more accurate tidal constituents in 
Andaman Sea than South China Sea, which results in smaller errors along the 
west coast of peninsular Malaysia. We may improve our results by using more 
accurate tidal forcing along the open boundaries, i.e. by extracting tidal 
constituents from observed sea surface elevations. 
Table 3-1. Statistical evaluation for sea surface elevations. 
Stations MAE (m) RMSE (m) RMSE (%) r 
1 0.120 0.147 6.39 0.96 
2 0.178 0.218 8.90 0.95 
3 0.088 0.110 9.17 0.93 
4 0.239 0.316 7.39 0.96 
5 0.126 0.151 6.93 0.95 
6 0.147 0.182 7.92 0.95 
7 0.090 0.109 4.24 0.98 
8 0.231 0.276 9.10 0.92 
9 0.261 0.328 9.91 0.98 
10 0.145 0.178 6.40 0.97 
11 0.141 0.177 6.87 0.96 






Figure 3-8. Comparison of model-predicted and observed sea surface 
elevations (in m) at Stations 1 - 6. Legend: SUNTANS (∙ ∙ ∙), Observations 
(──). 









































































































Figure 3-9. Comparison of model-predicted and observed sea surface 
elevations (in m) at Stations 7 - 12. Legend: SUNTANS (∙ ∙ ∙), Observations 
(──). 
3.3.2 Velocities 
The observed data are obtained from acoustic doppler profiler (ADP) 
deployment at two stations in Singapore Strait by the Tropical and Marine 
Science Institute (TMSI) of National University of Singapore (NUS). The two 
ADPs are referred to as stations 13 and 14, and their locations are shown in 










































































































Figure 3-1. The raw ADP current data is filtered with a 1-D digital filter in 
MATLAB, to remove the high-frequency noises. 
The velocity calibrations are performed at Stations 13 and 14 from 19 
November to 8 December 2013. Figure 3-10 and Figure 3-12 show the time 
series comparisons for depth-averaged velocity U and V. U and V correspond 
to the east and north directions, respectively. Statistical evaluation of the 
model performance for the depth-averaged U and V velocity is presented in 
Table 3-2. The MAEs and RMSEs are computed with Eqs. (3-12) and (3-13) 
and the correlation coefficients are computed with Eq. (3-14), where X is 
either the depth-averaged U or V velocity.  At both stations, the RMSEs for U 
and V are around 0.19 m/s and 0.06 m/s, respectively, and the correlation 
coefficients are around 0.80. This is comparable to the major current speed 
RMSEs of 0.14 m/s of Eastern Singapore Local Model (ESLM), 0.14 m/s of 
Singapore Local Model (SLM) and 0.13 m/s of Singapore Regional Model 
(SRM) developed by Delft3D-flow in the similar model domain (Kurniawan et 
al. 2011; van Maren and Gerritsen, 2012; Hasan et al., 2012; Hasan et al., 
2013, etc.). 
The model reproduces the spring-neap variability and the mixed diurnal and 
semi-diurnal variability in the observed velocities at Station 13. The phases of 
the U and V velocity compare well, and a reasonable level of overall 
agreement is obtained for the magnitudes. Peak U depth-averaged velocities 
are slightly overestimated by the model, while peak V depth-averaged 
velocities are underestimated by the model. U and V velocity profiles in 




are overpredicted and V velocity profiles are slightly underpredicted during 
ebb tides. The sharply varying bathymetry, together with several small islands 
around Station 13, has contributed to the complicated flow and resulted in 
difficulties in obtaining good predictions. The surrounding small islands 
generate complex island wake effects, which makes our task of obtaining 
accurate predictions of currents at these locations more difficult.  
As shown in Figure 3-12, the model-predicted velocities at Station 14 have 
similar spring-neap cycles and mixed diurnal and semi-diurnal patterns as the 
observed velocities. The phases and magnitudes of the U and V depth-
averaged velocities show reasonable overall agreement. Peak U magnitudes 
are underestimated by the model during spring tides, and are overestimated by 
the model during neap tides. Peak V magnitudes are overestimated by the 
model during both spring and neap tides. U velocity profiles in Figure 3-13 
compare well throughout the water column, while V velocity profiles are 
overpredicted during ebb and underpredicted during flood. We attribute the 
discrepancies at Station 14 to difficulties in capturing bathymetric variability 
and representing island effects accurately. There are several small islands 
around Station 14, which are not represented in our unstructured grid. We may 
improve our model results by refining the mesh to resolve small islands 
around Singapore and by using a higher resolution bathymetry file to represent 





Table 3-2. Statistical evaluation for velocities. 
Stations MAE (m/s) RMSE (m/s) r  
13 – U velocity 0.177 0.207 0.78 
13 – V velocity 0.048 0.060 0.74 
14 – U velocity 0.158 0.198 0.84 
14 – V velocity 0.057 0.082 0.72 
 
 
Figure 3-10. Comparison of model-predicted and observed velocities at 
Station 13. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
  















(a) Station 13 - Depth-averaged velocity U






















Figure 3-11. Comparison of model-predicted and observed U and V velocity 







































































Figure 3-12. Comparison of model-predicted and observed velocities at 
Station 14. Legend: SUNTANS (∙ ∙ ∙), Observations (──).  
















(a) Station 10 - Depth-averaged velocity U






















Figure 3-13. Comparison of model-predicted and observed U and V velocity 







































































3.4 Results and discussion 
3.4.1 Circulation pattern 
The Singapore coastal waters are strongly influenced by the Asian monsoon 
system. During winter, northeasterly winds prevail over this region, while 
during summer, southwesterly winds are found over most of the region 
(Hellerman and Rosentsein, 1983). Strong monthly-averaged surface currents 
are observed in our Figure 3-14 during most of the year. The maximum 
monthly mean surface current is about 0.1 m/s occurring at the heights of both 
monsoon seasons. Overall, there exists significant seasonal variability in 
circulation patterns. During April to August (Figure 3-14 (d) - (h)), the 
eastward flow dominates most parts of this region. While during October to 
February (Figure 3-14 (j) - (b)), the current is reversed to a mainly westward 
flow.  
Circulation during the Southwest monsoon season is characterized by a strong 
eastward drift throughout the Singapore Strait (Figure 3-14 (d) - (h)). The 
currents have similar magnitudes throughout most of the Strait. Flows from 
the Java Sea are mostly directed into the South China Sea through Singapore 
Strait. The Malacca Strait contributes a small portion of outflows to Singapore 
Strait. Pressure gradient induced by higher mean water level in Malacca Strait 
favors eastward flows. 
Drift during the Northeast monsoon season is not as uniformly distributed 
throughout Singapore Strait as that seen in the Southwest monsoon season. 
The strongest current exists in the middle part of the Strait due to the 




on the eastern part of the Strait during this period is generally westward, with 
approximately twice the strength as that seen on the western part of the Strait. 
Flows from the South China Sea are diverted largely to the small Indonesian 
islands on the south. Therefore, currents passing through these islands are 
found to be relatively strong during the Northeast monsoon season. The other 
portion of flows from South China Sea is directed into Malacca Strait. The 
higher mean sea level in South China Sea also contributes to westward flows 
in the Singapore Strait.  
Circulation patterns for inter-monsoon seasons are characterized by 
diminishing drift throughout the entire region. This is particularly evident in 
the months of March and September as shown in Figure 3-14(c) and Figure 
3-14(i), respectively. Figure 3-14(c) indicates that flow is directed to Malacca 
Strait away from Java Sea in March, and Figure 3-14(i) shows water is 
transported from South China Sea to Malacca Strait in September. In addition, 
the cross sectional area in the middle of Singapore Strait is less than half of its 
east and west entrances. The narrow path in the middle of Singapore Strait 
plays the role of restricting flow passage through the Strait. This has caused 
monthly-mean currents as strong as 0.1 m/s to pass through the Singapore 
Strait during monsoon seasons, which are clearly shown in all figures, except 










Figure 3-14. Monthly mean surface currents (in m/s) and water level (in cm) in 
Singapore coastal waters in year 2003. 
3.4.2 Volume fluxes 
The volume fluxes in Singapore coastal waters from Malacca Strait, Java Sea, 
South China Sea and Singapore Strait are computed with the calibrated model. 
The locations of transects are shown in Figure 3-1. The volume fluxes from 
Malacca Strait is obtained from transect 1. The volume fluxes from Java Sea is 
 
 




obtained by summing up transects 2 - 5. The volume fluxes from South China 
Sea and through Singapore Strait are obtained from transects 6 and 7, 
respectively. Positive values indicate north or eastward directed volume fluxes. 
Negative values represent south or westward directed volume fluxes.  
One of the benefits of numerical modeling is the ability to isolate forcing 
parameters and evaluate the importance of various components to the system. 
We will perform six different runs to determine the individual effects of 
different forcing terms on volume fluxes.  Run 1 is forced by ADT. Run 2 is 
forced by tides and local winds.  Run 3 is forced by ADT, tides and local 
winds. Run 4 is forced by SLA. Run 5 is forced by MDT. Run 6 is forced by 
tides. Run 7 is forced by local winds. 
3.4.2.1 Volume fluxes analysis  
The annual mean transport through each transect is tabulated in Table 3-3. The 
annual mean volume fluxes through Malacca Strait transect in Run 1 (forced 
by ADT) is westward 0.1607 Sv, which agrees well with 0.16 Sv presented in 
Fang et al. (2009). We note that their model is forced with the NCEP 
reanalysis climatological wind stresses from 1948 to 2000 through the entire 
South China Sea, Andaman Sea and Java Sea. This implies that prescribing 
ADT along the boundaries in our model is sufficient to account for large-scale 
and slow-varying long-term monsoon effects from these marginal seas. For 
Run 2 (forced by tides and local winds), the volume fluxes through Singapore 
Strait transect is eastward 0.0049 Sv and matches well with 0.0048 Sv in 




(triangle lines of Figure 3-18 and Figure 3-19) at four transect agree well with 
Chen et al. (2005).  
The monthly mean volume fluxes for Run 3 (forced by both ADT, tides and 
local winds) are shown in Figure 3-15(a).  The monthly mean volume fluxes 
through Malacca Strait is negative for the whole year due to earlier mentioned 
consistent outflows. The peak maximum and minimum values of westward 
0.0953 Sv and westward 0.0261 Sv are found in January and June, 
respectively. This indicates stronger transport during Northeast than 
Southwest Monsoon. The annual mean volume fluxes is -0.0567 Sv, which 
suggests westward directed transport over the period of a year due to 
consistent outflows through Malacca Strait.  
The monthly mean volume fluxes through Java Sea is positive for the whole 
year. The peak maximum value of 0.0417 Sv was found in January, which 
corresponds to the Northeast monsoon period. The annual mean volume fluxes 
is 0.0282 Sv, which suggests northward directed transport over the period of a 
year. Our results suggest that water is transported from Java Sea into Malacca 
Strait throughout the whole year, indicating the presence of South China Sea 
Throughflows from Java Sea to Andaman Sea. 
The monthly mean volume fluxes through South China Sea is westward 
throughout the whole year. The negative peaks are found in January and June, 
with magnitudes of westward 0.05 Sv and westward 0.0060 Sv, respectively. 
The annual mean volume fluxes is -0.0254 Sv, which suggests westward 
directed transport over the period of a year. The monthly mean volume fluxes 




combined effects of ADT, tides and local winds from the South China Sea are 
predominant in Singapore coastal waters. The annual mean volume fluxes is -
0.0249 Sv and suggests slightly westward directed transport over the period of 
a year. 
Monthly mean depth-averaged currents through each transect is shown in 
Figure 3-15(b), and is highly correlated with monthly volume fluxes, in terms 
of both magnitude and direction. Consistent westward residual flows are found 
in Singapore coastal waters. We also observe that monthly mean depth-
averaged currents through Singapore Strait transect are generally stronger than 
those through South China Sea transect due to its relatively narrower width. 
While South China Sea transect is longer than Singapore Strait transect, the 
total volume fluxes for both transects are quite similar (Figure 3-15(a)). 





Positive values indicate north or eastward volume fluxes. Negative values 
indicate south or westward volume fluxes. 








1 (ADT) -0.1607 0.0719 -0.0865 -0.0885 
2 (tides & local winds) -0.0087 0.0107 0.0051 0.0049 
3 (ADT & tides & local 
winds) 







Figure 3-15. Monthly mean (a) volume fluxes and (b) depth-averaged currents 
through Malacca Strait, Java Sea, South China Sea and Singapore Strait 
transects using the calibrated model. Positive values indicate north or east 
directed volume fluxes. Negative values represent south or west directed 
volume fluxes. Legend: Malacca Strait (-□-), Java Sea (-△-), South China 
Sea (-◇-), Singapore Strait (-*-). 
3.4.2.2 Effects of ADT on volume fluxes 
While the currents in Singapore coastal waters are predominantly driven by 
tides, they are also influenced by mean sea levels at open boundaries, the 
complex bathymetry, irregular coastlines, seasonal monsoons and local winds. 
The combination of these factors contributes to the total volume fluxes in this 





















(a) Monthly mean volume transport


























region. Therefore, thorough and deeper studies of the various forcing 
components and their interactions are essential for understanding the 
circulation and volume fluxes in Singapore coastal waters.  
The total volume flux at a transect is decomposed as follows: 
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝐴𝐷𝑇 + 𝐹𝑡𝑖𝑑𝑒𝑠&𝑙𝑜𝑐𝑎𝑙𝑤𝑖𝑛𝑑𝑠 + 𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 (3-15) 
where FADT is the volume fluxes forced by ADT (Run 1), Ftides&localwinds is the 
volume fluxes forced by tides and local winds (Run 2), and Fresidual is the 
residual volume flux after subtracting the above two components (FADT, 
Ftides&localwinds) from the total volume flux Ftotal forced by ADT, tides and local 
winds (Run 3). 
Figure 3-16(a) shows the monthly averaged decomposition of volume fluxes at 
the Malacca Strait transect. It is found that water is transported away from 
Singapore coastal waters through the Malacca Strait transect continuously, as 
Ftotal is negative for the whole year. FADT is consistently negative throughout 
the whole year due to persistent westward residual flows generated by 
pressure gradient induced by higher mean sea levels in South China Sea. Our 
results indicate that Ftotal is highly correlated with FADT (Figure 3-16(a)). The 
correlation coefficient of 0.70 listed in Table 3-4 further confirms the 
correlation. The influence of Ftides&localwinds on Ftotal is much weaker as a 
correlation coefficient 0.47 is found in Table 3-4.  
A possible explanation for the residual term Fresidual could be that the nonlinear 
interaction between Ftides&localwinds and FADT. Fresidual has negative correlation 
with Ftotal as a correlation coefficient of -0.36 is found in Table 3-4. This 




Fresidual peaks in January during Northeast monsoon season, which represents 
stronger nonlinear interaction of Ftides&localwinds and FADT then.  
The situation at the Java Sea transect is similar to that at the Malacca Strait 
transect except that the signs are reversed. The monthly averaged 
decomposition of volume fluxes at Java Sea transect are shown in Figure 
3-16(b). The positive Ftotal indicates that water is entering Singapore coastal 
area from Java Sea. Both Ftides&localwinds and FADT are consistently northward 
directed throughout the whole year due to the effects of residual flows. From 
Table 3-4, we observe that Ftotal is highly influenced by Ftides&localwinds, with a 
correlation coefficient of 0.69. The negative correlation coefficient of -0.12 
between Fresidual and Ftotal further confirms the effect of Fresidual to reduce Ftotal. 
Peaks for Fresidual are found in February, suggesting stronger nonlinear 
interaction between ADT and tides-induced forcing during this time period. 
This seems to indicate that the nonlinear interaction will be stronger during 
Northeast than Southwest monsoon. 
Figure 3-17(a) shows the monthly averaged decomposition of volume fluxes at 
the South China Sea transect. Our results show that Ftotal is negative for the 
whole year, which indicates water is flowing into Singapore coastal area from 
South China Sea. This might also indicate a branch of South China Sea 
Throughflow into Andaman Sea through this transect. From Table 3-4, a high 
correlation between FADT and Ftotal of 0.64 is found. Ftotal is also influenced by 
Ftides&localwinds as the correlation coefficient is found to be 0.64 in Table 3-4. 
The peaks for Fresidual are observed in January, which indicates intense 




negative correlation coefficient (r = -0.23) is also found between Fresidual and 
Ftotal, which leads to reduced total volume fluxes.  
The situation at the Singapore Strait transect is similar to the South China Sea 
transect. Figure 3-17(b) shows the monthly mean decomposed volume fluxes. 
Table 3-4 demonstrates the high correlation between FADT and Ftotal, with a 
correlation coefficient of 0.67. Ftotal is also influenced by Ftides&localwinds, with a 
correlation coefficient of 0.60 in Table 3-4. Fresidual achieves its maximum in 
January, which indicates that the nonlinear interaction between ADT and 
tides-induced forcing is intense during this month. In addition, the negative 
correlation coefficient of -0.25 further verifies the effect of Fresidual to reduce 
Ftotal. Table 3-4 and Figure 3-16 and Figure 3-17 indicate that ADT affects 
monthly mean volume fluxes at all transects, especially at Malacca Strait 
transect. The combined effects of tides and local winds are found to dominate 
monthly mean volume fluxes at Java Sea transects. At the other two transects, 
both ADT and the combined effects of tides and local winds contribute to 
monthly mean volume fluxes. The nonlinear interaction between ADT and 







Figure 3-16. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Java Sea transects when the model is forced by ADT, tides 
and local winds. Positive values indicate north or east directed volume fluxes. 
Negative values represent south or west directed volume fluxes. Legend: Ftotal 
(-□-), FADT (-△-), Ftides&localwinds (-◇-), Fresidual (-*-). 





















(a) Malacca Strait - monthly mean




























Figure 3-17. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Singapore Strait transects when the model is forced by ADT, 
tides and local winds. Positive values indicate north or east directed volume 
fluxes. Negative values represent south or west directed volume fluxes. 
Legend: (a) Ftotal (-□-), FADT (-△-), Ftides&localwinds (-◇-), Fresidual (-*-). 
  























(a) South China Sea - monthly mean























Table 3-4. Correlation coefficient between decomposed components (FADT, 
Ftides&localwinds, Fresidual) and Ftotal at four transects.  
 FADT Ftides&localwinds Fresidual 
 Malacca Strait 0.70 0.47 -0.36 
Java Sea 0.43 0.69 -0.12 
South China Sea 0.64 0.64 -0.23 
Singapore Strait 0.67 0.60 -0.25 
 
3.4.2.3 Effects of SLA and MDT on volume fluxes 
To identify effects of SLA and MDT on volume fluxes in Singapore coastal 
area, the ADT-induced volume fluxes is decomposed as follows: 
𝐹𝐴𝐷𝑇 = 𝐹𝑆𝐿𝐴 + 𝐹𝑀𝐷𝑇 + 𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙2 (3-16) 
where FSLA and FMDT are volume fluxes induced by SLA (Run 4) and MDT 
(Run 5) forcing, respectively. Fresidual2 is obtained by subtracting FSLA and FMDT 
from FADT.  
Figure 3-18(a) shows monthly averaged decomposition of volume fluxes at the 
Malacca Strait transect. FSLA changes its direction in April and October due to 
the effects of monsoons from outside marginal seas. The peak values of 0.15 
Sv are found in February and June with opposite signs. FMDT is constant 
throughout the whole year, and their annual mean values are -0.1677 Sv, 
0.0750 Sv, -0.0903 Sv and -0.0924 Sv at Malacca Strait, Java Sea, South 
China Sea and Singapore Strait transects, respectively. At all transects, FSLA is 




which represents interaction between SLA and MDT forcing, tends to reduce 
FADT with a correlation coefficient of -0.92. 
For the remaining three transects, FSLA is observed to change its direction in 
April and October due to the effects of monsoons from outside marginal seas. 
Fresidual2 changes its magnitude accordingly. The monthly averaged 
decomposition of volume fluxes at Java Sea, South China Sea, and Malacca 
Strait are shown in Figure 3-18(b), Figure 3-19(a) and Figure 3-19(b), 
respectively. At the Java Sea transect, peak values of FSLA around 0.07 Sv are 
found in February and June, respectively (Figure 3-18(b)). Fresidual2 peaks at 
southward 0.04 Sv and northward 0.02 Sv during these two months (Figure 
3-18(b)). At the South China Sea transect, the peak values of FSLA are 0.08 Sv 
in February and June, respectively (Figure 3-19(a)). Fresidual2 achieves its peaks 
at eastward 0.05 Sv and westward 0.04 Sv then (Figure 3-19(a)). Similar peak 
values of FSLA and Fresidual2 are also found at the Singapore Strait transect in 





Figure 3-18. Decomposition of monthly mean volume fluxes at (a) Malacca 
Strait and (b) Java Sea transects when the model is forced by ADT. Positive 
values indicate north or east directed volume fluxes. Negative values represent 
south or west directed volume fluxes. Legend: FADT (-□-), FSLA (-△-), FMDT 
(-◇-), Fresidual2 (-*-). 





















(a) Malacca Strait - monthly mean




























Figure 3-19. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Singapore Strait transects when the model is forced by ADT. 
Positive values indicate north or east directed volume fluxes. Negative values 
represent south or west directed volume fluxes. Legend: FADT (-□-), FSLA (-△
-), FMDT (-◇-), Fresidual2 (-*-). 
 
  























(a) South China Sea - monthly mean























3.4.2.4 Effects of tides and local winds on volume fluxes 
The tide- and local-winds-induced volume fluxes is decomposed as follows: 
𝐹𝑡𝑖𝑑𝑒𝑠&𝑙𝑜𝑐𝑎𝑙𝑤𝑖𝑛𝑑𝑠 = 𝐹𝑡𝑖𝑑𝑒𝑠 + 𝐹𝑙𝑜𝑐𝑎𝑙𝑤𝑖𝑛𝑑𝑠 + 𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙3 (3-17) 
where Ftides and Flocalwinds are the volume fluxes induced by tides (Run 6) and 
local winds (Run 7), respectively, and Fresidual3 is the residual volume flux after 
subtracting the above two components (Ftides, Flocalwinds) from the tide- and-
local-winds-induced volume flux Ftides&localwinds. 
At Malacca Strait transect, our results indicate that Ftides&localwinds is highly 
correlated with Ftides with a correlation coefficient of 0.90 (Table 3-5). The 
weak correlation between Flocalwinds and Ftides&localwinds is collaborated with a 
correlation coefficient of 0.42 (Table 3-5). The nonlinear interaction between 
Flocalwinds and Ftides are represented by Fresidual3, which has negative correlation 
(r = -0.76) with Ftides&localwinds and results in reduced total volume fluxes. At 
Java Sea transect, we observe that Ftides&localwinds is also highly influenced by 
Ftides with a correlation coefficient of 0.85 (Table 3-5). The negative 
correlation coefficient of -0.68 between Fresidual3 and Ftides&localwinds further 
confirms the effect of Fresidual3 to reduce Ftides&localwinds. The peaks for Fresidual3 
are found in June, suggesting strong nonlinear interaction between local winds 
and tidal forcing during this period. This seems to indicate that the nonlinear 
interaction will be stronger during Southwest than Northeast monsoons. 
Similar trends are also observed in Figure 3-20(a) at Malacca Strait transect.  
At South China Sea transect, Ftides&localwinds is found to be highly correlated 
with Ftides (Figure 3-21(a)) as a correlation coefficient of 0.97 (Table 3-5). The 




interactions between Ftides and Flocalwinds during this month. A negative 
correlation coefficient (r = -0.43) is also found between Fresidual3 and 
Ftides&localwinds, which leads to reduced Ftides&localwinds. At Singapore Strait 
transect, there is high correlation between Ftides and Ftides&localwinds, with a 
correlation coefficient of 0.98. Fresidual3 peaks in June, which indicates that the 
strong nonlinear interaction between tidal and local winds forcing during the 
Southwest monsoon season. In addition, the negative correlation coefficient of 
-0.50 further verifies the effect of Fresidual3 to reduce Ftides&localwinds. 
Table 3-5. Correlation coefficient between decomposed components (Ftides, 
Flocalwinds, Fresidual3) and Ftides&localwinds at four transects.  
 Ftides Flocalwinds Fresidual3 
 Malacca Strait 0.90 0.42 -0.76 
Java Sea 0.85 0.44 -0.68 
South China Sea 0.97 0.11 -0.43 







Figure 3-20. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Java Sea transects when the model is forced by tides and 
local winds. Positive values indicate north or east directed volume fluxes. 
Negative values represent south or west directed volume fluxes. Legend: 
Ftides&localwinds (-□-), Ftides (-△-), Flocalwinds (-◇-), Fresidual3 (-*-). 






















(a) Malacca Strait - monthly mean


























Figure 3-21. Decomposition of monthly mean volume fluxes at (a) South 
China Sea and (b) Singapore Strait transects when the model is forced by tides 
and local winds. Positive values indicate north or east directed volume fluxes. 
Negative values represent south or west directed volume fluxes. Legend: (a) 
Ftides&localwinds (-□-), Ftides (-△-), Flocalwinds (-◇-), Fresidual3 (-*-). 
  





















(a) South China Sea - monthly mean




























In this study, a three-dimensional unstructured-grid SUNTANS model is 
applied to Singapore coastal waters. The model inputs include high resolution 
coastline data from the GSHHG and ENC databases, and bathymetry data 
from the ENC and GEBCO databases. The unstructured grid has resolution of 
roughly 100 - 200 m around Singapore and in areas close to the shoreline. The 
model is forced by ADT and eight main tidal constituents at the open 
boundaries, and hourly NCDC observed wind data at 59 stations throughout 
the whole domain. The model simulations are performed for the year 2003. 
The model-predicted surface elevations and velocities are compared with 
observed data at stations throughout the model domain. The model reproduces 
the spring-neap variability and the diurnal and semi-diurnal variability in the 
observed data. A good level of overall agreement is obtained in terms of 
magnitudes and phases. A statistical evaluation of the model performance is 
presented. At most stations, the correlation coefficients for surface elevation 
are larger than 0.96, RMSEs are less than 0.17 m and RMSEs in percentage 
are around 7%. The correlation coefficients for velocities are around 0.80 and 
RMSEs are around 0.1 m/s.  
The surface circulation pattern in Singapore coastal waters shows significant 
seasonal variability. During April to August, the eastward flow dominates 
most parts of this region. Flows from Java Sea are mostly directed into the 
South China Sea through the Singapore Strait. The Malacca Strait contributes 
a small portion of outflows from Singapore Strait. While during October to 




westward flow. Flows from South China Sea are diverted largely to the small 
Indonesian islands on the south. Circulation patterns for inter-monsoon 
seasons are characterized by diminishing drift throughout the entire region.  
The monthly mean volume fluxes through Malacca Strait, South China Sea 
and Singapore Strait transects are negative for the whole year due to earlier 
mentioned consistent westward flows. Peak values are found in January and 
June, respectively. We also found that water is transported from South China 
Sea to Andaman Sea, which seems to indicate a branch of South China Sea 
Throughflow. The monthly mean volume fluxes through Java Sea is positive 
for the whole year, with westward directed annual mean volume fluxes of 
0.0282 Sv. Our results suggest that water is transported from Java Sea into 
Malacca Strait throughout the whole year. The volume fluxes is highly 
correlated with monthly mean depth-averaged currents through each transect, 
in terms of both magnitude and direction.  
To examine the effects of different forcing terms on volume fluxes, a new 
decomposition method is proposed. Our results indicate that: (1) ADT is the 
predominant factor that drives monthly mean volume fluxes, especially in 
Malacca Strait; (2) the combined effects of tides and local winds influence 
monthly mean volume fluxes, especially in Java Sea; (3) SLA affects monthly 
mean volume fluxes throughout the whole year; (4) volume fluxes induced by 
the combined effects of tides and local winds is highly correlated with tidal-
induced volume flux; and (5) the residual effects, which can be attributed to 
the nonlinear interactions between different forcing terms, tend to reduce the 




Chapter 4  A numerical study on local sea-based tracer 
transport in Singapore coastal waters  
4.1 Introduction 
Numerical modeling is a popular method to assess the transport and dispersion 
of pollutants in the coastal zone. Lardner et al. (1988) formulated a 
convection-diffusion model to simulate transport of passive pollutants in the 
Arabian Gulf. The pollutant was regarded as a large ensemble of small 
discrete quantities and is subject to diffusion and convection process. Huang 
and Spaulding (1995) employed a three-dimensional numerical model to 
examine the impacts of water pollution caused by combined sewage overflow 
(CSO) on the surface of Mt. Hope Bay, Rhode Island, Massachusetts. Model 
results indicated that the CSO plume was transported in the bay along the 
eastern shore and high concentrations remained near the surface. Chau and 
Jiang (2002) developed and implemented a three-dimensional, curvilinear grid 
numerical model to simulate Chemical Oxygen Demand distribution and 
transport in the Pearl River Estuary. Due to wastewater discharged from the 
Pearl River Delta Region, strong inter-boundary effects of pollutants between 
the Guangdong Province and the Hong Kong Special Administrative Region 
were observed. Zhang and Song (2010) developed a three-dimensional 
numerical model for wind-driven circulation and tracer transport. A simple 
and efficient concentration-correction method was introduced to keep 




lakes. The numerical model was applied to Taihu Lake and their results 
showed that the model can simulate wind-induced tracer transport accurately. 
Very little research has been performed to investigate transport of pollutants in 
the coastal waters around Singapore. Yew et al. (2001) developed an oil spill-
food chain interaction model to investigate the impacts of oil spills on marine 
organisms. The coupled model included a multiphase oil spill model (MOSM) 
and a food chain model, and was applied to the Evoikos-Orapin Global oil 
spill in the Singapore Strait. Chao et al. (2003) applied a three-dimensional oil 
spill model to simulate an oil slick movement in Singapore coastal waters. 
They showed that the model was able to predict the oil spill mass balance, 
horizontal movement of surface oil slick and oil particle concentration 
distribution in the water body. Model predictions compared well with satellite 
images and field observations of oil slicks on the water surface in Singapore 
Strait. 
There is increasing public concern over local sea-based water pollution in 
Singapore coastal waters, as it would significantly affect coastal management, 
human health and recreation activities along shorelines. To mitigate public 
concern about potential risk of pollution in Singapore coastal waters due to 
frequent economic and industrial activities, a thorough and systematic study 
on local sea-based tracer transport is necessary. To fill this gap, a nested 
unstructured-grid hydrodynamic model is employed to perform three-
dimensional flow and tracer transport simulations in Singapore coastal waters. 
Six key sailing points in Singapore coastal waters are published by National 




reporting points for ships intended to enter Singapore ports. Since a large 
number of ships are gathering here and the traffic is heavy, these are locations 
where there are at high risk of ocean pollution.  In addition, Singapore coastal 
waters are also highly influenced by the Asian monsoon system. Therefore, 
the effects of different locations (six key sailing points) and time (two 
monsoon seasons) on local sea-based tracer transport are investigated in this 
paper. This study would deepen our understanding of transport and mixing of 
pollutants in coastal waters, and provide guidance to manage coastal 
environments in a sustainable way. 
This chapter is organized as follows. Section 4.2 describes the model setup. 
Section 4.3 shows the model calibration results. Section 4.4 provides the 
model validation results. Section 4.5 presents local sea-based tracer transport 
simulations and estimates for dispersion coefficients. Section 4.6 draws 
conclusions.  
4.2 Nested model 
As presented in Chapter 3, a three-dimensional SUNTANS (Fringer et al. 
2006) model is applied to Singapore coastal waters for the first time. To 
improve its currents prediction accuracy, a nested model which involves 
reduced model domain and higher resolution is built in this chapter.  
4.2.1 Hydrodynamic model  
The governing equations are the three-dimensional, Reynolds-averaged 
Navier-Stokes equations under the Boussinesq approximation and hydrostatic 




The Coriolis term is given by 𝑓 = 2Ωsin𝜙, where Ω is the angular velocity of 
the Earth and 𝜙 is the latitude. The density perturbation 𝜌 is computed with a 
linear equation of state in terms of the salinity 𝑠  using 𝜌 = 𝜌0(1 +
𝛽(𝑠 − 𝑠𝑜
𝑅)), where 𝜌0 and 𝑠𝑜
𝑅 are reference states and 𝛽 = 7.5 × 10−4 psu-1. 
The free-surface evolves according to the depth-averaged continuity equation, 
as defined in Equation (3-5). These equations are solved using the methods 
described in Fringer et al. (2006), in which the free-surface height and vertical 
diffusion of momentum are advanced implicitly with the theta-method, and all 
other terms are advanced with the second-order Adams-Bashforth method. For 
advection of momentum, the Eulerian-Lagrangian method (ELM) is employed.  
The scalar transport equation is given by 
𝜕𝑠
𝜕𝑡








where 𝜖𝐻  and 𝜖𝑉  represent the horizontal and vertical turbulent eddy-
diffusivities, respectively. 
The scalar concentrations defined at cell centers of staggered grids are 
interpolated to their cell faces using the method described in Casulli and 
Zanolli (2005). The scheme is monotonicity-preserving and uses a 
combination of first-order upwinding and a higher-order antidiffusive flux via 
the TVD (Total Variation Diminishing) constraint (Harten and Lax, 1984). 
The Superbee limiter (Roe 1984) tends to compress fronts, and is chosen for 




The quadratic drag law is applied at the bottom boundary to compute the 
bottom stress with Equation (3-6) and the drag coefficient 𝐶𝑑  is computed 
from the bottom roughness parameter 𝑧0  with Equation (3-7). A spatially-
varying 𝑧0 is used, such that in shallow regions (with depth less than 1.0 m), 
𝑧0 = 10
−3 m. The roughness coefficient 𝑧0 is adjusted to calibrate the three-
dimensional model and is set as 𝑧0 = 9 × 10
−6  m in other regions. The 
surface elevations are relatively insensitive to the choice of 𝑧0 , and 𝑧0  is 
chosen so that the predicted velocities show a good level of agreement, as 
found in Chua and Fringer (2011). The small value is likely necessary to 
partially compensate for errors due to numerical diffusion when using ELM 
for advection of momentum (Wang et al. 2009). 
The horizontal turbulent mixing is determined with a constant eddy-viscosity 
and eddy-diffusivity (Wang et al., 2009). The Mellor-Yamada level 2.5 
(MY2.5) model (Mellor and Yamada, 1982), with stability functions modified 
by Galperin et al. (1988) is used to compute the vertical eddy-viscosity and 
eddy-diffusivity. Details of implementation of the turbulence model in 
SUNTANS are described in Wang et al. (2011).  
The wet-dry treatment is developed in SUNTANS by Wang et al. (2009) and 
is used to simulate the flooding and draining of marshlands along coastlines. 
The buffering layer with thickness ℎ𝑏𝑢𝑓𝑓𝑒𝑟 = 0.1 m is defined in which the 
drag coefficient is increased to 𝐶𝑑 = 5 in order to decelerate the flow when the 
water depth becomes very shallow. Our choice of 𝐶𝑑 = 5 for dry cells follows 
from values used in Wang et al. (2009). For cells with water depth greater than 




depth ℎ𝑑𝑟𝑦  is defined to ensure positive depth for numerical stability. Cells 
with depth less than ℎ𝑑𝑟𝑦 are considered dry and tagged inactive. Wang et al. 
(2009) noted that the choice of ℎ𝑑𝑟𝑦 is arbitrary, and we use ℎ𝑑𝑟𝑦 = 0.05 𝑚. 
4.2.2 Model setup 
The domain is defined as the area approximately between 103 °E to 105 °E 
and 0.5 °N to 2 °N, including Singapore Island, peninsula Malaysia and part of 
Indonesia (Figure 4-1(b)). The coastline for our domain is obtained from the 
Singapore Electronic Navigational Chart (ENC) and is combined with the 
Global Self-consistent, Hierarchical, High-resolution Geography (GSHHG) 
database. The model uses a combination of bathymetric data from two sources, 
namely the Singapore Electronic Navigational Chart (ENC) for the coastal 
waters around Singapore and the General Bathymetric Chart of the Oceans 
(GEBCO) for offshore waters (Figure 4-2). The vertical datum is defined as 
the mean sea level (MSL). For our simulations, the coastline and bathymetry 
data were converted from geographic horizontal datum to Cartesian 
coordinates using the Mercator projection. 
Figure 4-1 shows the unstructured grid of the nested model domain, with a 
resolution of 50 – 100 m around Singapore. The grid resolution gradually 
decreases to 500 m near the open boundaries. The gradual transition in grid 
cell lengths prevents numerical errors associated with abrupt transitions in grid 
size. The unstructured grid is generated using the Surface Water Modeling 
System (SMS). The model employs up to 20 z-layers in the vertical. Partial 
stair-stepping is employed so that the bottom faces of the bottom-most cells 




is refined in the upper layers with a stretching ratio of 10% moving downward. 
The total number of cells in the horizontal is 217,874. The three-dimensional 
grid has approximately 0.8 million grid cells.  
A nested-grid approach is adopted to ensure high grid resolution in Singapore 
coastal waters and more accurate forcing at the open boundaries. The nested 
system consists of two sub-components: a coarse-resolution outer model 
covering part of Andaman Sea, South China Sea and Java Sea with a 
horizontal resolution of roughly 200 m in Singapore coastal waters and 8 km 
at its open boundaries (Figure 4-1(a)), and the fine-resolution inner model 
covering Singapore coastal waters with a horizontal resolution of roughly 50 
m around Singapore and 500 m at its open boundaries (Figure 4-1(b)(c)(d)). 
The well-calibrated outer model is forced by eight tidal constituents (M2, S2, 
N2, K2, K1, O1, P1 and Q1) and a mean annual cycle of the monsoon-induced 
surface elevation at three open boundaries (the Andaman Sea in the northwest, 
the South China Sea in the northeast, and the Java Sea in the southeast), 
similar to van Maren and Gerritsen (2012), Hasan et al. (2012) and Hasan et al. 
(2013). The nontidal monsoon-induced surface elevation is derived from 15 
years of Topex-Poseidon (T/P) and Jason-1 satellite altimetry, and is named as 
Absolute Dynamic Topography (ADT) (Twigt, 2007). As mentioned in van 
Maren and Gerritsen (2012), this monsoon-induced surface elevation setup 
represents the large-scale and long-term (seasons) monsoon effects. To 
account for small-scale and short-term (hours) wind effects, the outer model is 
also forced by hourly observed wind data at 59 National Climate Data Center 




outer model setup and validation are presented in Xu and Chua (2016a) and 
Chapter 3. Time series of sea surface elevations and velocities generated by 
the outer model are output at three open boundaries of the inner model (Figure 
4-2(b)) to drive the inner model. 
The Coriolis parameter is constant and is given by  𝑓 = 3.485 × 10−6 rad s-1 
at the latitude of 1.369 °N. The simulations are performed from 4 to 18 
January 2003 for surface elevation calibration. A time step of 10 s is chosen. 
With this time step, simulation of the 14-day period requires 120,960 time 
steps. The velocity calibration is performed from 1 to 7 December 2013 and 
require 60,480 time steps. Surface elevation and velocity validation 
simulations are performed from 11 to 25 June 2004 and require 120,960 time 
steps. The tracer simulations are performed from 1 to 7 December 2013 during 
the Northeast monsoon and 1 to 7 June 2013 during the Southwest monsoon, 
respectively. Both cases require 60,480 time steps using a time step of 10 s. 
The simulations were run at the High Performing Computing Center at the 
National University of Singapore. Twelve processors are used and the nested 









Figure 4-1. Unstructured-grid of (a) the larger domain model, (b) the nested 
small domain model with zoom-in view of (c) Singapore Island and (d) 
Bukom Island. Locations of stations for model calibration and validation are 
shown. Legend: Sea surface elevations (Stations 1, 2, A, B, C), currents 










Figure 4-2. Bathymetry (in m) of (a) the larger domain model, (b) the nested 
small domain model and (c) zoom-in view of Singapore island. Locations of 
59 hourly National Climate Data Center (NCDC) observed local winds data 





4.3 Model calibration 
The model calibration is performed for sea surface elevations and velocities at 
Stations 1-4 shown in Figure 4-1(b).  
4.3.1 Sea surface elevations 
The surface elevation calibrations are performed via comparison to 
observations at University of Hawaii Sea Level Center (UHSLC) stations 
around Singapore. The locations of the two stations are Station 1 (UH699) and 
Station 2 (UH325). Figure 4-3 shows the time series comparisons for predicted 
and observed sea surface elevations. The diurnal and semi-diurnal tidal ranges 
and the spring-neap tidal cycle are well reproduced by the model at both 
stations. The model-predicted and observed data show very good agreement in 
terms of both tidal range and phase at Stations 1 and 2.  
The model skill assessment is performed by computing the metrics, i.e. mean 
absolute error (MAE), root-mean-square error (RMSE) and correlation 
coefficients (𝑟 ). We compute mean absolute error (MAE) and root-mean-
square error (RMSE) of time series with 𝑁 elements using Equations (3-12) 
and (3-13). The correlation coefficient (𝑟) is computed with Equation (3-14). 
The skill score presented in Wilmott (1981) respectively is adopted to quantify 
the accuracy and skill of the nested model with the following equation: 
𝑆𝑆 =  1 −
∑(𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑜𝑏𝑠)
2
∑(|𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ | + |𝑋𝑜𝑏𝑠 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ |)2
 
  (4-2) 
where Xmodel, Xobs and Xobs̅̅ ̅̅ ̅̅  are model-predicted values, observed values and 




Statistical evaluation of the model performance for surface elevations is 
presented in Table 4-1. At both stations, the RMSEs are around 0.17 m, 
RMSEs in percentage are around 5%, correlation coefficients exceed 0.96 and 
skill scores exceed 0.93. Harmonic analysis of surface elevations is carried out 
at Stations 1 and 2. A comparison of observed and predicted amplitudes and 
phases for the M2, S2, N2, K1, O1, Q1 constituents is shown in Table 2. Most 
amplitude and phase errors are within 2 cm and 7°, respectively for both 
stations. The diurnal tidal constituent K1 produces an amplitude error of 8 cm 
and 7 cm at Stations 1 and 2, respectively. This might be due to the locations 
of Stations 1 and 2, which are in complex tidal environments where there is 
greater difficulty in predicting diurnal tidal forcing. The discrepancies between 
predicted and observed surface elevations are also attributed to the 
complicated bathymetry. The bathymetry is sharply varying towards the 
shoreline, and the bathymetry data used in this model is insufficient to resolve 
these variations, especially under complex flow situations.  
Station 2 in this model corresponds to Station 9 in Xu and Chua (2016a) and 
Chapter 3. The model-predicted surface elevation errors are reduced by around 
47%. We attribute this improvement to the use of higher resolution grids that 
are able to resolve complex coastlines, as well as the use of more accurate 





Figure 4-3. Comparison of model-predicted and observed surface elevations 
(in m) at Stations 1 and 2. Legend: SUNTANS (∙ ∙ ∙), Observations (──).  
Table 4-1. Statistical evaluation for surface elevations at Stations 1 and 2 in 
calibration runs. 
Stations MAE (m) RMSE (m) RMSE (%) r SS 
1 0.143 0.173 5.92 0.96 0.98 










































Table 4-2. Surface elevation constituents at Stations 1 and 2 in calibration runs. 
    Station 1   Station 2 
    Obs Pre Err   Obs Pre Err 
M2 
  
A (m) 0.776 0.793 0.017   0.965 0.929 -0.036 
φ (°) 90.3 97.6 7.3   91.4 97.4 6.0 
S2 
  
A (m) 0.272 0.255 -0.017   0.376 0.403 0.026 
φ (°) 153.6 163.8 10.2   153.4 158.4 5.0 
N2 
  
A (m) 0.136 0.123 -0.013   0.144 0.144 -0.001 
φ (°) 75.2 77.4 2.2   85.5 97.9 12.3 
K1 
  
A (m) 0.394 0.311 -0.083   0.325 0.254 -0.071 
φ (°) 356.7 350.5 -6.2   46.2 35.6 -10.6 
O1 
  
A (m) 0.299 0.304 0.004   0.236 0.230 -0.006 
φ (°) 301.0 291.4 -9.6   7.3 0.4 -6.9 
Q1 
 
A (m) 0.040 0.041 0.001   0.020 0.024 0.003 







The observed data is obtained from acoustic doppler profiler (ADP) 
deployment at two stations in Singapore Strait. The deployment is conducted 
by the Tropical and Marine Science Institute (TMSI) of National University of 
Singapore. The two ADPs are referred to as Stations 3 and 4, and their 
locations are shown in Figure 4-1. The raw ADP current data is filtered with a 
1-D digital filter in MATLAB, to remove the high-frequency noises.  
Figure 4-4 and Figure 4-7 show the time series comparisons for depth-
averaged velocities 𝑈 and 𝑉, which are decomposed into tidal and nontidal 
components in Figure 4-6 and Figure 4-9. Figure 4-5 and Figure 4-8 show 
comparison of model-predicted and observed 𝑈 and 𝑉 velocity profiles at both 
stations. 𝑈  and 𝑉  correspond to the east- and north-ward directions, 
respectively. Statistical evaluation of the model performance for the depth-
averaged 𝑈 and 𝑉 velocities is tabulated in Tables 3 and 4. MAE and RMSE 
are computed with Equations. (3-12) and (3-13), where 𝑋 is either the depth-
averaged 𝑈 or 𝑉 current velocity. Correlation coefficients and skill scores are 
calculated with Equations. (3-14), and (4-2). At both stations, the RMS errors 
for 𝑈 and 𝑉 are around 0.06 m/s, and the correlation coefficients exceed 0.95.  
The model-predicted velocities at Station 3 have similar diurnal pattern as the 
observed velocities (Figure 4-4). The phases of the 𝑈 and 𝑉 depth-averaged 
velocities show good overall agreement. Peak 𝑈  magnitudes are slightly 
overestimated by the model during both flood and ebb tides. Peak 𝑉 
magnitudes are underestimated by the model, especially during ebb tides. 𝑈 




4-5). 𝑈 velocity profiles are overpredicted and 𝑉 velocity profiles are slightly 
underpredicted during ebb tides. Depth-averaged tidal velocities are generated 
by summing up the reconstructed tidal components (Figure 4-6(a)(c)). The 
depth-averaged tidal  𝑈 magnitudes are slightly overestimated and the peak 𝑉 
magnitudes are underestimated. In order to investigate nontidal (low frequency) 
velocities, we compute the depth-averaged nontidal velocities by subtracting 
the reconstructed tidal velocities from the original time series of velocities 
(Figure 4-6(b)(d)). Our results show that depth-averaged nontidal 𝑈 velocities 
are slightly overestimated and 𝑉 velocities are slightly underestimated. 
Table 4-3 shows that tidal velocities share high correlation coefficients and 
skill scores with the observed values. The nontidal velocities are not 
reproduced as well as tidal velocities, with RMSEs of around 0.07 m/s and 
correlation coefficients of around 0.79. We attribute the discrepancies at 
Station 3 to difficulties in obtaining an accurate representation of the bottom 
shear layer due to the strong bathymetric variability. This may lead to errors in 
predicting velocities at Station 3. The errors may also be attributed to the 
relatively inaccurate nontidal forcing output from the outer model. 
The model reproduces the diurnal variability in the observed velocities at 
Station 4. The phases of the 𝑈 and 𝑉 velocities compare well, and a good level 
of overall agreement is obtained for the magnitudes (Figure 4-7). Peak 𝑈 and 
𝑉 depth-averaged velocities are slightly underestimated by the model during 
flood tides. 𝑈 velocity profiles compare well throughout the water column, 
while 𝑉 velocity profiles are underpredicted during flood (Figure 4-8). The 




(Figure 4-9(a)), while the depth-averaged tidal 𝑉  velocities are slightly 
underestimated (Figure 4-9(c)). The nontidal 𝑈 and 𝑉 velocities are slightly 
underestimated. We found that the relatively weak nontidal velocities have 
higher RMSEs, as well as lower correlation coefficients and skill scores (Table 
4-4), while the model reproduces the tidal velocities well with RMSEs of 
around 0.04 m/s, correlation coefficients that exceed 0.98 and skill scores that 
exceed 0.96. The sharply varying bathymetry, together with several small 
islands around Station 4, contribute to complicated flow and result in 
difficulties in obtaining good predictions. 
Stations 3 and 4 correspond to Stations 13 and 14 in Xu and Chua (2016a) and 
Chapter 3. Our results indicate that significant improvements in current 
predictions are achieved with the nested model. At Station 3, the model-
predicted 𝑈 errors are reduced by around 70%, with an improved correlation 
coefficient of 0.97 from original 0.78. The 𝑉 correlation coefficient has also 
increased from 0.74 to 0.87. At Station 4, the nested model has reduced the 
model-predicted 𝑈  errors by 58%, and improved the correlation coefficient 
from 0.84 to 0.98. Meanwhile, the model-predicted 𝑉 errors are reduced by 
33%, and the correlation coefficient is raised from 0.72 to 0.93. Possible 
reasons for these improvements are more accurate forcing at the open 
boundaries and higher grid resolution with the nested model, which can 





Table 4-3. Statistical evaluation for currents at Station 3 in calibration runs. 
Stations ME (m/s) MAE (m/s) RMSE (m/s) r SS 
3 – U velocity -0.008 0.049 0.063 0.97 0.98 
3 – U velocity (tidal) 0 0.036 0.044 0.98 0.99 
3 – U velocity (nontidal) -0.008 0.047 0.058 0.79 0.88 
3 – V velocity 0.007 0.079 0.094 0.87 0.84 
3 – V velocity (tidal) -0.001 0.065 0.077 0.91 0.87 
3 – V velocity (nontidal) 0.008 0.069 0.082 0.61 0.58 
 
 
Figure 4-4. Comparison of model-predicted and observed currents (in m/s) at 
Station 3. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
 
  

















(a) Station 3 - Depth-averaged velocity U


























Figure 4-5. Comparison of model-predicted and observed U and V velocity 







































































Figure 4-6. Comparison of model-predicted and observed tidal and nontidal 




















(a) Station 3 - Depth-averaged tidal velocity U
















(b) Station 3 - Depth-averaged nontidal velocity U
















(c) Station 3 - Depth-averaged tidal velocity V





















Table 4-4. Statistical evaluation for currents at Station 4 in calibration runs. 
Stations ME (m/s) MAE (m/s) RMSE (m/s) r SS 
4 – U velocity -0.040 0.067 0.083 0.98 0.98 
4 – U velocity (tidal) 0 0.044 0.051 0.99 0.99 
4 – U velocity (nontidal) -0.040 0.075 0.089 0.91 0.93 
4 – V velocity -0.025 0.041 0.055 0.95 0.93 
4 – V velocity (tidal) 0 0.033 0.039 0.98 0.96 
4 – V velocity (nontidal) -0.025 0.039 0.046 0.83 0.79 
 
 
Figure 4-7. Comparison of model-predicted and observed currents (in m/s) at 
Station 4. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
  















(a) Station 4 - Depth-averaged velocity U



























Figure 4-8. Comparison of model-predicted and observed U and V velocity 







































































Figure 4-9. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station 4. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
  
















(a) Station 4 - Depth-averaged tidal velocity U
















(b) Station 4 - Depth-averaged nontidal velocity U
















(c) Station 4 - Depth-averaged tidal velocity V





















4.4 Model validation 
The model validation is performed for sea surface elevations and velocities at 
Stations A – D shown in Figure 4-1(c).  
4.4.1 Sea surface elevations 
The surface elevation validation is performed at Stations A - C (Figure 4-1(c)). 
Figure 4-10 shows the time series comparisons for predicted and observed sea 
surface elevations. The model-predicted and observed data show good 
agreement in terms of both tidal range and phase at Stations A - C. The diurnal 
and semi-diurnal tidal ranges and the spring-neap tidal cycle are well 
reproduced by the model. The surface elevations are slightly underestimated 
during neap tides, and are slightly overestimated during spring tides. 
The statistical performance is shown in Table 5-5. RMSEs of around 0.10 m in 
magnitude and 4% in percentage are found at Stations A – C. Correlation 
coefficients of around 0.98 and skill scores of around 0.97 are achieved at 
these stations. 
The major semidiurnal (M2) and diurnal (K1) tidal constitutes are compared 
with the observed values (Table 5-6). M2 amplitude is underestimated by 3.9 
cm at Station A due to difficulty in obtaining accurate tidal forcing along the 
Malacca Strait open boundary in the outer model. K1 amplitude is 
underestimated by roughly 2 cm at Stations B and C, which might be 
attributed to the relatively inaccurate tidal forcing along the South China Sea 
open boundary in the outer model. The phase errors for semidiurnal and 





Table 4-5. Statistical evaluation for surface elevations at Stations A, B and C 
in validation runs. 
Stations MAE (m) RMSE (m) RMSE (%) r SS 
A 0.079 0.101 4.31 0.99 0.99 
B 0.094 0.114 4.17 0.98 0.99 
C 0.096 0.117 4.63 0.98 0.99 
 
Table 4-6. Surface elevation constituents at Stations A, B and C in validation 
runs. 
    Station A   Station B   
    Obs Pre Err   Obs Pre Err   
M2 
 
A (m) 0.680 0.641 -0.039   0.744 0.750 0.006   
φ (°) 316.0 316.5 0.5 
 
307.5 305.8 -1.7 
 K1 
 
A (m) 0.352 0.345 -0.007 
 
0.286 0.260 -0.026 
 φ (°) 82.0 84.3 2.3   121.2 111.3 -9.9   
    Station C      
    Obs Pre Err        
M2 
 
A (m) 0.660 0.665 0.005                             
φ (°) 293.0 288.4 -4.6 
 
       
 K1 
 
A (m) 0.346 0.330 -0.016 
 
   






Figure 4-10. Comparison of model-predicted and observed surface elevations 
(in m) at Stations A, B and C. Legend: SUNTANS (∙ ∙ ∙), Observations (──).  
  


















(a) Station A 


















(b) Station B 
























The model-predicted velocities are validated against observations at Station D 
(Figure 4-1(c)).  
Figure 4-11 shows the comparison of model-predicted and observed depth-
averaged velocities. The mixed diurnal and semidiurnal tidal velocities are 
well reproduced during a spring-neap tidal cycle. The model-predicted 
velocities generally match with the observed velocities in terms of both 
magnitudes and phases. The nested model slightly underestimates the positive 
peak 𝑈 velocity and overestimates the negative peak 𝑈 velocity. Both positive 
and negative peak 𝑉 velocities are slightly overestimated by the nested model.  
Figure 4-12 displays the comparison of tidal and nontidal velocities at Station 
D. Depth-averaged tidal 𝑈 and 𝑉 velocites are slightly overestimated during 
both ebb and flood tides. The depth-averaged nontidal 𝑈 velocities are slightly 
underestimated during most of the time, while the nontidal 𝑉 velocities are 
overestimated. The statistical evaluation for velocities is tabulated in Table 4-7. 
RMSE of 4.4 cm/s is observed for both  𝑈 and 𝑉 velocities, which is generally 
induced by the nontidal velocities. A high correlation coefficient of around 
0.95 and skill scores of around 0.92 further validate the nested model in 
predicting relatively accurate velocities. More accurate nontidal forcing and 
the use of higher-resolution bathymetry data will lead to further improvements 





Table 4-7. Statistical evaluation for currents at Station D in calibration runs. 








D – U velocity 0 
0.034 0.045 0.96 0.98 
D – U velocity (tidal) 0 
0.016 0.021 0.99 0.99 
D – U velocity 
(nontidal) 
0 
0.039 0.049 0.85 0.92 
D – V velocity -0.001 
0.034 0.044 0.95 0.96 
D – V velocity (tidal) 0 
0.025 0.028 0.99 0.98 
D – V velocity 
(nontidal) 
-0.001 
0.034 0.042 0.86 0.92 
 
 
Figure 4-11. Comparison of model-predicted and observed currents (in m/s) at 
Station D. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
















(a) Station D - Depth-averaged velocity U























Figure 4-12. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station D. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
 
  
















(a) Station D - Depth-averaged tidal velocity U
















(b) Station D - Depth-averaged nontidal velocity U
















(c) Station D - Depth-averaged tidal velocity V





















4.5 Local sea-based tracer transport 
The passive tracers are released at six locations in Singapore coastal waters 
(Xu and Chua, 2016b). These locations correspond to key sailing points that 
are published by National Geospatial-Intelligence Agency, USA (NGA US 
2013). The locations are shown in Figure 4-1(c).  
Frequent shipping and economic activities at these locations increase the risk 
of water pollution. Some examples include the oil spill accident in 1996 that 
occurred around Point 3 (near St. John Island) (Chao et al., 2003), and the 
Evoikos-Orapin Global oil spill accident in 1997 that occurred around Point 2 
(near Senang Island) (Yew et al., 2001).  
We initialize our domain with a Gaussian passive tracer field of the form: 










where 𝑥0  and 𝑦0 are locations of P1 - P6, and 𝑅 is the radius. P1 is located at 
(1.24 °N, 103.65 °E) and is close to Tuas. P2 is located at (1.16 °N, 103.74 °E) 
and is close to Senang Island. P3 is located at (1.22 °N, 103.85 °E) and is 
close to St. John Island. P4 is located at (1.31 °N, 103.93 °E) and is close to 
East Coast Park. P5 is located at (1.38 °N, 104 °E) and is close to Changi 
Naval Base. P6 is located at (1.34 °N, 104.14 °E) and is near Pengerang. The 
passive tracers with a radius of 1 km and constant over the depth are released 
at the beginning of the flood tide.  
Singapore coastal waters are highly influenced by the Asian monsoon system. 




during April to September, wind turns southwest over most of the region 
(Hellerman and Rosentsein, 1983). Strong currents are observed during most 
of the year. The maximum current speed is about 2 m/s occurring at the 
heights of both monsoon seasons. Overall, there exists significant seasonal 
variability in the circulation patterns. During April to August, eastward flow 
dominates most of the region. While during October to February, the currents 
are reversed to a mainly westward flow. Westward residual flows with 
magnitudes around 20 cm/s are observed in Singapore Straits (van Maren and 
Gerritsen, 2012). To illustrate the monsoon effects on local sea-based tracer 
transport, tracer simulations are performed from 1 to 7 December 2013 during 
the Northeast monsoon and from 1 to 7 June 2013 during the Southwest 
monsoon, respectively. 
4.5.1 Northeast monsoon 
This section describes the circulation pattern in Singapore coastal waters and 
the evolution of depth-averaged passive tracer fields placed at different 
locations during the Northeast monsoon.    
4.5.1.1 Circulation pattern 
Figure 4-13 shows the surface circulation pattern in Singapore coastal waters 
during the Northeast monsoon. Westward flows are observed due to the 
influence of the Northeast monsoon. Flows in Singapore coastal waters are 
found to have a return cycle of around 24 hours. During the first 10 hours, 




water from Java Sea will flow into Malacca Strait. From 15 – 24 hour, most 
flows from South China Sea are transported to Java Sea.  
Strong currents with magnitudes of more than 2 m/s are observed in the 
middle of Singapore Strait. The presence of a narrow passage in the Main 
Strait results in increased flow velocities. Currents are quite weak along the 





Figure 4-13. Circulation pattern in Singapore coastal waters during the 
Northeast monsoon from 5 to 50 hour in 5 hour intervals and from 50 to 70 





4.5.1.2 Passive tracers 
The flow dynamics at the six sites in Singapore coastal waters are 
characterized by varying degrees of horizontal and vertical tidal dispersion. 
The tidal flows have a large influence on dispersion at regions with abrupt 
changes in bathymetry, through mechanisms such as shear dispersion, 
turbulence and Lagrangian motions (Geyer and Signell, 1992). Abrupt 
topographic changes are observed around P2 and P3 in Figure 4-2(c), which 
lead to strong tidal dispersion. The strong tidal dispersion leads to substantial 
stirring of the tracer field that tends to smooth the fronts. Evolution of depth-
averaged passive tracer fields at P1 - P6 are displayed in Figures 14 and 15. 
Our results show Tracer 1 takes 150 hours to fully disperse due to relatively 
weak currents. Tracers 2 – 6 take around 45 hours to fully disperse. The 
passive tracers are transported eastward during the first 15 hours after release 
and reverses westward until fully dispersed. P4 is close to East Coast Park, 
and Sentosa Island is affected by Tracer 4 after 50 hours of release. The 
Changi naval base near P5 is affected by Tracer 5 after around 30 hours of 
release. The interaction of turbulence and vertical shear produces horizontal 
dispersion, which will interact with horizontal shear to generate the combined 
dispersion (Zimmerman, 1986). Oscillatory and residual horizontal shear is 
induced by tidal currents flowing over a depth-varying bottom topography, 
which enhances dispersion along the isobaths. Oscillatory currents are 
observed in Singapore coastal waters, as shown in Figures 6 and 9. Residual 
currents in Singapore coastal waters are reported in van Maren and Gerritsen 




dispersion occurs at locations where the typical spacing of topographic 
features and shore geometries is less than the tidal excursion (Geyer and 
Signell, 1992), as found at P2 - P5. 
 
Figure 4-14. Evolution of depth-averaged passive tracer field during the 
Northeast monsoon. Left column is Tracer 1 (near Tuas). Middle column is 







Figure 4-15. Evolution of depth-averaged passive tracer field during the 
Northeast monsoon. Left column is Tracer 4 (near East Coast Park). Middle 






4.5.2 Southwest monsoon 
This section presents circulation pattern in Singapore coastal waters and 
evolution of depth-averaged passive tracer fields at different locations during 
the Southwest monsoon.  
4.5.2.1 Circulation pattern 
Figure 4-16 shows the surface circulation pattern in Singapore coastal waters 
during the Southwest monsoon. A similar return cycle of 24 hours is observed. 
During the first 10 hours, water from South China Sea is directed to Java Sea 
by westward flows. From 15 – 20 hour, westward flows turn to Malacca Strait 
with strengthened magnitudes. For hour 25, eastward flows are found from 
Java Sea to South China Sea. Due to westward pressure gradient from South 
China Sea to Malacca Strait induced by large-scale monsoon effects (Twigt, 
2007), the eastward currents are not as strong as the westward currents. This 
indicates the effects of Southwest monsoon are relatively smaller, compared to 
those observed in the Northeast monsoon. 
Strong currents with magnitudes larger than 2 m/s are also observed in the 
middle of Singapore Strait, which tend to strengthen dispersion processes of 
passive tracers. Weak currents are found along the coastline, especially in the 










Figure 4-16. Circulation pattern in Singapore coastal waters during the 
Southwest monsoon from 5 to 50 hour in 5 hour intervals and from 50 to 70 





4.5.2.2 Passive tracers 
Figure 4-17 and Figure 4-18 show evolution of depth-averaged passive tracer 
fields during the Southwest monsoon. Tracer 1 takes around 160 hours to 
disperse due to weak currents, caused by the surrounding semi-enclosed 
domain. During the Southwest monsoon, Tracers 2 - 6 are transported 
westward after release. The weaker tidal dispersion result in doubling of the 
dispersion time for Tracers 2 (near Senang Island), 4 (near East Coast Park), 5 
(near Changi Naval Base) and 6 (near Pengerang). The ADT difference 
between South China Sea and Andaman Sea during Southwest monsoon is 25 
cm smaller than that during Northeast monsoon (Twigt, 2007), which might be 
a contributor of the weaker tidal dispersion. Our results show that it takes 
around 80 hours for Tracers 2, 4, 5 and 6 to fully disperse. While at Point 3 
(near St. John Island), the strong currents near the narrow passage of 
Singapore Strait have compensated for the weaker effects of the Southwest 
monsoon. This has resulted in similar dispersion times of 40 hours for Tracer 3 
during the Southwest monsoon as that during the Northeast monsoon. During 
the Southwest monsoon, Sentosa Island is found to be affected by Tracer 4 
roughly 100 hours after release. The Changi naval base near Point 5 is affected 
by Tracer 5 after 15 hours of release. During the Southwest monsoon, the 
dispersion of tracers is also mainly induced by combinations of horizontal 
dispersion and horizontal shear. Horizontal dispersion is resulted from 
interactions between turbulence and vertical shear, and horizontal shear is 
mainly induced by oscillatory and residual currents flowing over a depth-





Figure 4-17. Evolution of depth-averaged passive tracer field during the 
Southwest season. Left column is Tracer 1 (near Tuas). Middle column is 
Tracer 2 (near Senang Island) and right column is Passive Tracer 3 (near St. 






Figure 4-18. Evolution of depth-averaged passive tracer field during the 
Southwest monsoon. Left column is Tracer 4 (near East Coast Park). Middle 





4.5.3 Local flushing time 
To quantify the effect of hydrodynamics in Singapore coastal waters, local 
flushing time is calculated from the volume averaged concentrations (VAC), 
following the method described in Sheng et al. (2009). The VAC is defined as 
the volume integrated concentration of tracer concentration over a specific 
sub-area normalized by the total volume of the sub-area. The sub-area is 
defined as the area with a distance of less than 1km from the tracer field center. 
Figure 4-19 shows time series of VAC after releasing each passive tracer 
during the Northeast and Southwest monsoons. During both monsoons, VAC 
gradually and exponentially diminishes to a concentration close to 0 after 
releasing each passive tracer. VAC after releasing Tracers 2 and 3 decreases 
fastest among all tracers and takes around 2 days to reach a concentration of 
nearly 0, while VAC for Tracers 4 and 5 takes around 4 days to diminish to 0. 
This is due to relatively stronger surrounding currents at these locations, 
especially around P2 and P3, which enhance tracer dispersion. It takes around 
5 days for VAC to decrease from the initial value of 1 to 0 after releasing 
Tracers 1 and 6, which may be attributed to weaker currents at these locations.  
VAC generally diminishes faster during the Northeast monsoon due to its 
stronger effects compared to the Southwest monsoon.  






where C is the VAC at time t, 𝐶0 is the initial value of VAC and equals to 1 
when simulation starts, and T𝑒 is the e-folding time. The local flushing time is 




As tabulated in Table 4-8, smaller local flushing time of around 0.8 days are 
observed at Tracers 2 and 3, due to the fast dispersion process induced by 
strong surrounding currents. Much longer local dispersion time of around 2 
days are observed for the other four passive tracers, especially at P1 where 
weak currents are observed near Tuas in Figure 4-13 and Figure 4-16. A local 
flushing time of 3.7 days is observed at Tracer 4 during the Southwest 
monsoon, mainly due to the concentrated tracer plume as shown in Figure 
4-18, although it is transported westward by surrounding longitudinal currents 
along Singapore shorelines. The local flushing time is generally longer during 
the Southwest monsoon due to weaker currents and weakened dispersion 









Figure 4-19. Time series of volume averaged concentrations (VAC) for 
passive tracers released during Northeast and Southwest monsoons. Legend: 
Northeast (—), Southwest (---). 
4.5.4 Dispersion Coefficients 
The dispersion coefficients (Geyer and Signell, 1992) of the passive tracers 





















where 𝛷  is the variance of the passive tracer field, 𝐾𝑥  is the longitudinal 
dispersion coefficient and 𝐾𝑦 is the lateral dispersion coefficient. The physical 
meaning of the dispersion coefficient is the spread rate of the tracer plume. 
Figure 4-20 shows time series of 𝐾  during the Northeast and Southwest 
monsoons, with the overall mean values tabulated in Table 4-8. Our results 
















































































show that the dispersion coefficient 𝐾 is larger during the Northeast monsoon 
compared to the Southwest monsoon. The overall mean dispersion coefficient 
?̅?  during the Northeast monsoon is roughly doubled that of the Southwest 
monsoon (Table 4-8). Similarly, the dispersion time of tracer fields during the 
Northeast monsoon (Figure 4-17 and Figure 4-18) is halved that of the 
Southwest monsoon (Figure 4-14 and Figure 4-15). This may be attributed to 
differences in the large-scale monsoons and small-scale local winds during the 
monsoon seasons. The absolute mean surface elevation difference between the 
South China Sea and Andaman Sea during the Northeast monsoon is around 
20 cm larger than that during the Southwest monsoon (Twigt, 2007). Such a 
mean surface elevation difference would generate a pressure gradient from 
South China Sea to Andaman Sea and induce strong residual currents. The 
magnitudes of local winds during Northeast monsoon season are also found to 
be larger than those during the Southwest monsoon season. The other 
explanation could be the reduced interactions between horizontal dispersion 
and horizontal shear during the Southwest monsoon. Horizontal dispersion is 
reduced by decreased turbulence during the Southwest monsoon. Horizontal 
shear is weakened by reduced westward residual currents in Singapore coastal 
waters, since the Southwest monsoon enhances eastward currents. The 
increasing trend of 𝐾 might be due to the dispersed passive tracer field, as the 
dispersion rate of tracers is found to be a function of their spatial pattern 
(Phelan, 1996). Another possible reason would be the enhanced strain rate of 




variation in bathymetry or coastlines is smaller than the frictional and tidal 
excursion length scales (Geyer and Signell, 1992). 
The dispersion coefficient for Tracer 1 gradually increases and peaks at 
around 17 m
2
/s on the sixth day during the Northeast monsoon and 7 m
2
/s on 
the seventh day during the Southwest monsoon when flow separation happens. 
?̅? values for the Northeast and Southwest monsoons are 4.05 m2/s and 1.92 
m
2
/s respectively, which are smallest among all six cases due to the weak 
currents induced by the semi-enclosed coastline and weak bathymetric 
variability near P1 (Figure 4-13 and Figure 4-16). . 
The dispersion coefficient for Tracer 2 peaks at 160 m
2
/s on the fourth day 
during the Northeast monsoon and 70 m
2
/s on the sixth day during the 
Southwest monsoon when strongest strain rate is observed due to flow 
separation. ?̅? during the Southwest monsoon is 12.62 m2/s, while the ?̅? value 
of 61.73 m
2
/s during the Northeast monsoon is largest among all six cases due 
to the strong currents near P2 (Figure 4-13 and Figure 4-16). We may also 
attribute the high dispersion coefficients to the abrupt bathymetry changes 
around P2 (Figure 2(c)) which produce higher rates of strain for a given tidal 
velocity. 
The dispersion coefficients for Tracer 3 share a similar trend as those of 
Tracer 2. 𝐾  peaks at 180 m2/s on the second day during the Northeast 
monsoon and 90 m
2
/s on the sixth day during the Southwest monsoon when 
the strain rate achieves its maximum value. ?̅? during the Northeast monsoon is 
58.45 m
2
/s, while ?̅? during the Southwest monsoon is 21.21 m2/s. Compared 




may be attributed to the stronger currents enhanced by the narrow passage of 
Singapore Strait. 
The dispersion coefficients for Tracer 4 peak at around 140 m
2
/s on the fourth 
day during the Northeast monsoon and 95 m
2
/s on the sixth day during the 
Southwest monsoon when flow separation happens. The dispersion 
coefficients are slightly smaller than those of Tracers 2 and 3 due to the 
weaker surrounding tidal currents and bathymetric variability near P4 (Figure 
4-13 and Figure 4-16). ?̅? values for Tracer 4 are 46.88 m2/s and 17.05 m2/s 
during Northeast and Southwest monsoons, respectively.  
The dispersion coefficients for Tracer 5 peak at 60 m
2
/s on the second day 
during the Northeast monsoon and 70 m
2
/s on the sixth day during the 
Southwest monsoon when flow separation happens. During the last two days 
of the simulation period, 𝐾 during the Southwest monsoon exceeds that during 
the Northeast monsoon due to the strengthened currents during the Southwest 
monsoon and weakened currents during the Northeast monsoon near P5. It is 
only observed near P5 due to its location at the mouth of Johor Estuary. 
Abrupt shoreline variations are observed, where stronger strain rate induced 
by flow separation might be stronger during the Southwest monsoon, as found 
in Geyer and Signell (1992). ?̅? values are 25.51 m2/s and 15.72 m2/s during 
Northeast and Southwest monsoons, respectively. 
The dispersion coefficients for Tracer 6 share a similar trend as those of 
Tracer 1. 𝐾 peaks at 17 m2/s on the third day during the Northeast monsoon 
and 10 m
2
/s on the seventh day during the Southwest monsoon when the strain 




Northeast and Southwest monsoons, respectively. ?̅? values are smaller than 
those of Tracers 2 - 5 due to the relatively weak currents environments and 
bathymetric variability (Figure 4-13 and Figure 4-16). 
4.5.5 Scale-dependent Dispersion 
From observations, Richardson (1926) estimated that the scale-dependent 





where Ky is the lateral dispersion coefficient and Ly is the lateral scale of the 
tracer plume. Stommel (1949) extended the theoretical discussion of scale-
dependent dispersion and further confirmed the “4/3-law” proposed in 
Richardson (1926) with additional measurements of dispersion in the open 
ocean. Batchelor (1952) applied the Kolmogorov similarity hypothesis to 
establish that the variance in the separation of the pair particles should grow as 
time-cubed. This is consistent with a dispersion coefficient that obeys the 4/3-
law. A similar and more clear discussion was presented in Okubo (1968), 
where it was demonstrated that the assumption of an inertial subrange in 
which the transfer of energy between scale was constant resulted in: 
𝜎2 ≈ 𝜀𝑡3 (4-7) 
where 𝜎  is a lengthscale of the plume. The definition of the dispersion 

























where αy = 0.01 cm2/3/s for Ly in cm. In Okubo (1971), which was a review 
of oceanic dispersion, it was demonstrated that the “4/3-law” is obeyed locally 
(within each experiment). However, when all the available data was combined 
to determine a single dependence, the scale-dependent factor αy would not be 
expected to be a constant from location to location, due to variations in the 
turbulent dissipation rate. Therefore, the local fit that Okubo suggested, which 
holds for the “4/3-law”, was the appropriate one. As illustrated in Figure 4 of 
Okubo (1971), the values of the scale-dependent factor αy ranged from 0.001 
cm
2/3
/s to more than 0.02 cm
2/3
/s. 
As shown in Figure 4-21 and Table 4-8, the lateral dispersion coefficient Ky is 
highly correlated with Ly
4
3 as the correlation coefficients are around 0.95. This 
indicates that the lateral dispersion coefficient 𝐾𝑦 obeys a “4/3-law”, which is 
consistent with earlier findings (Richardson, 1926; Stommel, 1949; Batchelor, 
1952; Brooks, 1960; Okubo, 1968; Okubo, 1971; Vasholz and Crawford, 1985; 
Stacey et al., 2000; Fong and Stacey, 2003; Jones et al., 2008; Ohlmann et al., 
2012). Tracer 6 shares a smaller correlation coefficient due to its critical 
location to the mouth of Johor Estuary, as the flow conditions are more 
complex there, which are induced by abrupt shoreline geometry changes. We 




coefficients of around 0.90 (Table 4-8) with 4/3-power of the distance the 
tracer field center travelled 𝐿
4
3 (Figure 4-22). This shows that the distance the 
tracer field center travelled L would be an alternative length scale and the 
compound dispersion coefficient K also obeys a “4/3-law”.  
The scale-dependent factors αy and α vary from location to location and time 
to time as tabulated in Table 4-8 due to varying turbulent dissipation rates in 
Singapore coastal waters. Values of 𝛼𝑦 and 𝛼 vary from 0.003 cm2/3/s to 0.02 
cm2/3/s, which are within the range shown in Okubo (1971). Smaller scale-
dependent factors 𝛼𝑦 and α are found after releasing Tracer 6, which indicates 
that the turbulent dissipation rate is smaller at P6 in Figure 4-1 due to its 
critical location. We also noticed that the scale-dependent factors 𝛼𝑦 and 𝛼 are 
slightly larger during the Northeast monsoon due to enhanced turbulent 




Table 4-8. Local flushing time Te (days), mean dispersion coefficient ?̅? (m
2
/s), 
correlation coefficients between dispersion coefficient and length scale r(𝐾𝑦, 
𝐿𝑦
4
3) and r(𝐾, 𝐿
4
3), and scale dependent factors 𝛼𝑦(cm
2/3
/s) and α(cm2/3/s) for 
passive tracers over 7 days during the Northeast and Southwest monsoons. 
 Northeast monsoon  
 T𝑒 ?̅? r(𝐾𝑦, 𝐿𝑦
4
3) 𝛼𝑦 r(𝐾, 𝐿
4
3) 𝛼 
Tracer 1 2.2 4.05 0.96 0.01 0.97 0.01 
Tracer 2 0.9 61.73 0.85 0.02 0.85 0.007 
Tracer 3 0.6 58.45 0.96 0.01 0.93 0.004 
Tracer 4 1.8 46.88 0.98 0.02 0.98 0.008 
Tracer 5 1.1 25.51 0.93 0.01 0.93 0.006 
Tracer 6 1.1 5.12 0.99 0.008 0.96 0.004 
 Southwest monsoon  
 T𝑒 ?̅? r(𝐾𝑦, 𝐿𝑦
4
3) 𝛼𝑦 r(𝐾, 𝐿
4
3) 𝛼 
Tracer 1 2.3 1.92 0.99 0.007 0.96 0.01 
Tracer 2 0.7 12.62 0.92 0.01 0.82 0.005 
Tracer 3 0.6 21.21 0.91 0.01 0.83 0.004 
Tracer 4 3.7 17.05 0.99 0.02 0.92 0.006 
Tracer 5 1.4 15.72 0.91 0.01 0.84 0.005 









Figure 4-20. Time series of K  (in m2/s) during Northeast and Southwest 
monsoons. Legend: Northeast (—), Southwest (---). Note y axis scales are 
different. 
  

































































   
  




3  during 
Northeast and Southwest monsoons. Legend: Northeast (—), Southwest (---), 
𝐾𝑦 (black line), 𝛼𝑦𝐿𝑦
4
3 (blue line). Note y axis scales are different. 
  






































































Figure 4-22. Time series of daily-averaged 𝐾  (in m2/s) and α𝐿
4
3  during 
Northeast and Southwest monsoons. Legend: Northeast (—), Southwest (---), 
𝐾𝑦 (black line), α𝐿
4
3 (blue line). Note y axis scales are different. 
4.6 Conclusion 
In this study, a nested three-dimensional unstructured-grid SUNTANS model 
is applied to Singapore coastal waters to simulate flow and local sea-based 
tracer transport. The model inputs include high resolution coastline data from 
the GSHHG and ENC databases, and bathymetry data from the ENC and 
GEBCO databases. The nested inner grid has resolution of roughly 50 - 100 m 
around Singapore and in areas close to the shoreline. The outer model is 
forced by eight main tidal constituents and ADT at three open boundaries, and 





























































hourly observed wind data at 59 NCDC stations throughout the model domain. 
Sea surface elevations and velocities are output from the large domain outer 
model and used to force the inner nested model. 
The model-predicted surface elevations are compared with observations at 
Station 1 (UH699) and Station 2 (UH325). A good level of overall agreement 
is obtained in terms of magnitudes and phases. At both stations, the correlation 
coefficients for surface elevation are larger than 0.96 and RMS errors are less 
than 0.17 m. The correlation coefficients for currents at Stations 3 and 4 are 
larger than 0.95 and RMS errors are less than 0.08 m/s. The validation runs are 
performed at Stations A - D, and RMS errors are 0.10 m and 0.04 m/s, with 
correlation coefficients larger than 0.98 and 0.95 are found for surface 
elevations and currents, respectively.    
In this study, pollutants are regarded as passive tracers and are released at six 
selected points during the Northeast and Southwest monsoons. During the 
Northeast monsoon, it takes around 160 hours for Tracer 1 (near Tuas) to 
disperse due to the presence of weak currents at this location. The abrupt 
bathymetric changes and stronger currents environments around P2 (near 
Senang Island), P3 (near St. John Island), P4 (near East Coast Park), P5 (near 
Changi Naval Base)  and P6 (near Pengerang) have enhanced tidal dispersion 
and shortened their dispersion time to roughly 45 hours. Tracers 4 and 5 will 
affect Sentosa Island and the nearby naval base after 50 hours and 30 hours of 
release, respectively. 
Our results show that the rate of dispersion is twice as large for the Northeast 




Island), 4 (near East Coast Park), 5 (near Changi Naval Base) and 6 (near 
Pengerang) due to the weak effects during the Southwest monsoon. While 
dispersion time of Tracers 1 and 3 is almost unchanged due to weak currents 
around P1 (near Tuas) and enhanced tidal dispersion resulted from strong 
currents near Point 3 (near St. John Island), respectively. Sentosa Island and 
Changi naval base are found to be affected by Tracers 4 and 5 in 100 hours 
and 15 hours after release, respectively. 
Dispersion coefficients during Northeast monsoon are found to be more than 
double that during Southwest monsoon due to differences in large-scale 
monsoons and small-scale local winds. Dispersion coefficients 𝐾  are 
maximum for Tracers 2 and 3 due to the extremely strong surrounding 
currents and abrupt bathymetry changes around P2 (near Senang Island) and 
P3 (near St. John Island). Dispersion coefficients 𝐾 are minimum for Tracer 1 
due to weak currents induced by the semi-enclosed coastline near P1 (near 
Tuas).  
It is found that the lateral dispersion coefficient 𝐾𝑦 is highly correlated with 
𝐿𝑦
4
3  , where 𝐿𝑦  is the lateral length scale of plume. This indicates that the 
lateral dispersion coefficient 𝐾𝑦 obeys a “4/3-law”. It is also shown that the 
distance the tracer field center travelled 𝐿 would be an alternative length scale 
and the compound dispersion coefficient 𝐾 also obeys a “4/3-law”. The scale-
dependent factors 𝛼𝑦 and α vary from 0.003 cm
2/3








Chapter 5  A numerical study on land-based tracer 
transport in Singapore coastal waters  
5.1 Introduction 
Singapore-Johor catchment is defined as the area approximately between 
103 °E to 104.6 °E and 0.3 °N to 2 °N (Figure 5-1(b)). The incidences of 
heavy rainfall during the monsoon seasons have caused flooding in Singapore-
Johor catchment. Flooding causes severe damage such as destroy of 
infrastructure, transportation, and economic loss. In Singapore, frequent flash 
flood events are experienced during the Northeast monsoon (PUB Singapore, 
2014). In the southern part of Peninsular Malaysia, flood disasters from 1900 
to 2011 have caused the deaths of 311 people, affected 1,232,058 people and 
led to total damages of around USD 943,378,468.6 (International Disaster 
Database, 2011). In addition, land-based pollutants resulted from frequent 
agricultural, economic and industrial activities in this region would be carried 
into Singapore coastal waters by streamflow, especially during flood events. 
The transport of land-based pollutants in Singapore coastal waters would 
significantly affect coastal management, public health and recreation activities 
along shorelines, which would be raised as a potential public concern.  
Singapore coastal waters is defined as the area approximately between 103 °E 
to 105 °E and 0.5 °N to 2 °N (Figure 5-1(a)). The three main surrounding 
water bodies are Malacca Strait to the west, the Java Sea to the south and the 
South China Sea to the east. The circulation in this region is highly complex 




and the differences in tidal influences (Chen et al., 2005; Chen et al., 2010; 
Kurniawan et al., 2011; Hasan et al., 2012; van Maren and Gerritsen, 2012).  
In Singapore coastal waters, very little research about tracer transport is 
conducted, not mentioning land-based tracer transport. In Yew et al. (2001), 
an oil spill-food chain interaction model is presented to investigate the impacts 
of oil spills on several key marine organisms. The coupled model is composed 
of a multiphase oil spill model (MOSM) and a food chain model. Dissolved, 
emulsified and particulate oil concentrations in the water column, oil slick 
thickness on the water surface and dissolved and particulate oil concentration 
in bed sediments are predicted by MOSM. The food chain model addresses the 
uptake of toxicant by marine organisms. The coupled model is applied to the 
famous Evoikos-Orapin Global oil spill in the Singapore Strait. Chao et al. 
(2003) implemented a three-dimensional oil spill model to simulate an oil 
slick movement in Singapore coastal waters. The oil slick is divided into a 
number of small elements in the model to simulate the oil advection, spreading, 
evaporation, turbulent diffusion, vertical dispersion, dissolution, shoreline 
deposition and adsorption by sediment. Model results prove its capability in 
predicting the mass balance of oil spill, the horizontal movement of surface oil 
slick and the oil particle concentration distribution in water body. Model 
predictions match well with satellite images and field observations of oil slicks 
on the surface in the Singapore Straits, and measurements of the vertical 
concentration of oil particles in flume. 
In order to enhance prediction accuracy and applicability, coupling method is 




approach, which would introduce substantial uncertainty and errors. In Inoue 
et al. (2008), a two-dimensional depth-integrated hydrodynamic model of the 
basin is coupled with a hydrological model of local runoff from the 
surrounding drainage basin. The integrated model is forced by local wind, 
observed tides from the Gulf of Mexico, rainfall and evaporation over the 
model domain. The model can be used to simulate salinity changes in response 
to a variety of climactic conditions including drought and flood, and the 
introduction of freshwater diversions. Dresback et al. (2013) developed the 
ASGS-STORM (ADCIRC Surge Guidance System – Scalable, Terrestrial, 
Ocean, River, Meteorological) system which incorporates tides, waves, winds, 
rivers and surge to produce a total water level. It was tested during Hurricane 
Irene in real-time by forcing the coupled system with forecasted wind and 
pressure fields computed using a parametric tropical cyclone model. Herein, a 
skill assessment of wind speed and direction, significant wave heights, and 
total water levels is used to evaluate ASGS-STORM’s performance. ASGS-
STORM shows notable skill in capturing these parameters when utilizing 
Advisory 28 while showed slight over-prediction for two advisories (Advisory 
23 and 25) due to the over-estimation of the storm intensity. Therefore, 
accurate input from the weather forecast is a necessary, but not sufficient, 
condition to ensure the accuracy of the guidance provided by the system.  
Therefore, to mitigate public concern about potential risk of land-based 
pollution due to frequent agricultural, economic and industrial activities, a 
thorough and systematic study on possible land-based tracer transport in 




hydrologic-hydrodynamic model is employed to perform three-dimensional 
land-based tracer transport simulations in Singapore coastal waters. With this 
study, people would deepen the understanding of potential land-based tracer 
transport and its impacts on coastal area. This research would also provide 
guidance to manage coastal activities to reduce the risk of possible land-based 
pollution. 
This chapter is organized as follows. Section 5.2 describes the model setup. 
Section 5.3 shows the model calibration and validation results. Section 5.4 
presents tracer transport simulations and dispersion coefficients. Section 5.5 
draws conclusions. 
5.2 One-way coupled hydrologic-hydrodynamic model 
In this section, two components of the one-way coupled hydrologic-
hydrodynamic model are introduced. The governing equations and model set 
up of the hydrologic model (SWAT) and hydrodynamic model (SUNTANS) 
are presented, respectively. 
5.2.1 Hydrologic model 
The SWAT model (SWAT2012) is applied to the Singapore-Johor catchment. 
SWAT is a physically based model, developed to predict the impact of land-
management practices on water, sediment, and agricultural chemical yields in 
watersheds with varying soil, land use, and management conditions (Arnold et 
al., 2011). SWAT can simulate hydrological cycles, vegetation growth, and 
nutrient cycling with a daily time step by dividing a large watershed into 




hydrologic response units (HRUs). Each HRU is a combination of unique land 
cover, soil, and management strategies. This allows the model to reflect 
differences in evapotranspiration and other hydrologic conditions for land 
cover and soil (Arnold et al., 2011). The SWAT model requires spatial, 
temporal, and management data to model the hydrology of a watershed. The 
simulated water quantity and quality from each sub-basin is routed by 
streamflow and distributed to the watershed outlet. For a more detailed 
description of SWAT2012, see Arnold et al. (2011). 
The Singapore-Johor Catchment has an area of 305,571 hectares, and lies 
between 103 °E to 104.6 °E and 0.3 °N to 2 °N (Figure 5-1(b)). Shuttle Radar 
Topography Mission (SRTM) digital elevation data with a resolution of 92.61 
m is applied in the SWAT model to generate watersheds, sub-basins and 
streams. The land use data has 412 m resolution (FAO, UN, 2005) and the soil 
data (FAO, UN, 2003) has 7399 m resolution. The land use and soil data are 
presented in Figure 5-2(c) and Figure 5-2(d), respectively.  
The hydrologic model is forced with meteorological data (precipitation, 
temperature, wind, solar radiation, relative humidity) at stations shown in 
Figure 5-1(b). Station 141034 is close to Telok Kerang and Station 171034 is 
close to Bukit Batu. Station 141038 is near Yew Tee and Station 171038 is 
mid-way of Kulai and Kota Tinggi. Station 141041 is located in the center of 
Tekong Island and Station 171041 is near Kangkar Lok Heng. Station 201034 
is near Kahang Barat, Station 201038 is located at the upstream of Sungai Ulu 




at the upstream of Johor River near Kampung Sayong Pinang. The 
meteorological data is obtained from the National Centers for Environmental 
Prediction (NCEP), and is interpolated to the neareast HRU. In the simulation 
run of year 2013, eight hourly precipitation stations (Figure 5-1(b)) from 
National Environment Agency of Singapore (NEA) are also employed. They 
are S11(Choa Chu Kang Cemetery Office), S29(Pasir Ris home Team Chalets, 
Pasir Ris Rd), S60(Sentosa), S69(Upper Peirce Reservoir), S103(Daily Farm), 
S107(Singapore Sailing Federation), S115(Tuas Marine Transfer Station Tuas 
South Ave 3), and S116(Pasir Panjang Terminal, PSA). 
More detailed discussion of the hydrologic model including topics of flood 
events, effects of land use changes and future climate change on streamflow 





Figure 5-1. (a) Unstructured-grid of the hydrodynamic model domain with 
MPA sea surface elevations and currents observation station (Stations A-E, 
white dots) marked and (b) Digital elevation model (DEM, in m) and 
hydrologic model generated watershed (in red), subbasins (in purple) and 
streams (in blue). Legend: NCEP weather forcing (white dots), land-based 
pollutant sources 1-9 (yellow numbers), and NEA hourly precipitation stations 
(white dots) (S11(Choa Chu Kang Cemetery Office), S29(Pasir Ris home 
Team Chalets, Pasir Ris Rd), S60(Sentosa), S69(Upper Peirce Reservoir), 
S103(Daily Farm), S107(Singapore Sailing Federation), S115(Tuas Marine 






Figure 5-2. Bathymetry (in m) of (a) the model domain with a zoom-in view 
of (b) Singapore island in hydrodynamic model and (c) land use (FAO, UN, 
2005) and (d) soil data (FAO, UN, 2003) employed in hydrologic model. In 
(c), legend number stands for land use classes: 1 (Forestry: Natural), 2 
(Forestry: Protected areas), 3 (Forestry: Extensive pastoralism), 4 (Forestry: 
Pastoralism moderate or higher), 5 (Forestry: Pastoralism moderate or higher 
with scattered plantations), 6 (Forestry: Scattered plantations), 7 (Herbaceous: 
Natural), 8 (Herbaceous: Protected areas), 9 (Herbaceous: Extensive 
pastoralism), 10 (Herbaceous: Moderate intensive pastoralism), 11 
(Herbaceous: Intensive pastoralism), 12 (Herbaceous: Scattered pastoralism), 
13 (Rainfed Agriculture: subsistence or commercial), 14 (Agro-pastoralism: 
Moderate intensive), 15 (Agro-pastoralism: Intensive), 16 (Agro-pastoralism: 
moderate intensive or higher with large scale irrigation), 17 (Agriculture: 
Large scale irrigation), 18 (Agriculture: Protected areas), 19 (Urban areas)). In 
(d), legend number stands for soil classes: 4261 (Af61-1-2a), 4284 (Ao90-2-










5.2.2 Hydrodynamic model 
The hydrodynamic model adopted here is essentially the nested model as 
described in the preceding chapter. The domain is defined as the area 
approximately between 103 °E to 105 °E and 0.5 °N to 2 °N, including 
Singapore Island, peninsula Malaysia and part of Indonesia (Figure 5-1(a)). 
The coastline for our domain is obtained from the Singapore Electronic 
Navigational Chart (ENC) and is combined with the Global Self-consistent, 
Hierarchical, High-resolution Geography (GSHHG) database. The model uses 
a combination of bathymetric data from two sources, namely the Singapore 
Electronic Navigational Chart (ENC) for the coastal waters around Singapore 
and the General Bathymetric Chart of the Oceans (GEBCO) for offshore 
waters (Figure 5-2). The vertical datum is defined as the mean sea level (MSL). 
For our simulations, the coastline and bathymetry data were converted from 
geographic horizontal datum to Cartesian coordinates using the Mercator 
projection. 
Figure 5-1(a) shows the unstructured grid of nested model domain, with a 
resolution of 50 – 100 m around Singapore. The grid resolution gradually 
decreases to 500 m near the open boundaries. The gradual transition in grid 
cell lengths prevents numerical errors associated with abrupt transitions in grid 
size. The unstructured grid is generated using the Surface Water Modeling 
System (SMS). The model employs up to 20 z-layers in the vertical. Partial 
stair-stepping is employed so that the bottom faces of the bottom-most cells 
coincide with the interpolated depth at the cell centers. The vertical resolution 




The total number of cells in the horizontal is approximately 217,874. The 
three-dimensional grid has approximately 0.8 million grid cells.  
The simulations are performed from 11 to 25 June 2004 for coupled model 
validation. A time step of 10 s is chosen. With this time step, simulation of a 
spring-neap cycle of 14-day period requires 120,960 time steps. The tracer 
transport simulations are performed from 1 to 31 December 2013 during the 
Northeast monsoon and 1 to 30 June 2013 during the Southwest monsoon, 
respectively. Each case requires 267,840 and 259,200 time steps using a time 
step of 10 s, respectively. The simulations were run at the High Performing 
Computing Center at the National University of Singapore. Twelve processors 
are used and the nested model runs roughly 20 times faster than the wall clock. 
5.2.3 One-way coupled hydrologic-hydrodynamic model 
The one-way coupled hydrologic-hydrodynamic model is developed by 
coupling the hydrologic model (SWAT) with the hydrodynamic model 
(SUNTANS) (Figure 5-3). Streamflow is generated by the hydrologic model 
(SWAT) by forcing the model with precipitation, temperature, wind, solar 
radiation and relative humidity. Land-based passive tracers with concentration 
of 100 units are released continuously at the upstream of all tributaries 
generated by SWAT which are represented by blue lines in Figure 5-1(b). 
After completing hydrologic process in SWAT model, streamflow and tracer 
concentration are output at nine rivers (Figure 5-1(b)). They are introduced 
into the hydrodynamic model (SUNTANS) at common boundary points. The 
coupled hydrologic-hydrodynamic model (SWAT-SUNTANS) simulates the 




tracer field and dispersion coefficients to illustrate the circulation pattern, 
tracer transport and their dispersion processes in Singapore coastal waters.  
 
 
Figure 5-3. Modeling approach for a one-way coupled hydrologic-
hydrodynamic model 
5.3 Model calibration and validation 
In this section, the model calibration and validation of the hydrologic model 
(SWAT) and validation of the coupled hydrologic-hydrodynamic model 
(SWAT-SUNTANS) are discussed.   
5.3.1 Hydrologic model calibration 
The model calibration is performed by comparing streamflow at Station 
1737451 for year 2006. The time series of observed and model-predicted 
streamflow, together with observed precipitation data, are plotted in Figure 4. 
The model-predicted streamflow peak values show good agreement with 




The model skill assessment is performed by computing the metrics, i.e. mean 
absolute error (MAE), root-mean-square error (RMSE) and correlation 
coefficients (r). We compute mean absolute error (MAE) and root-mean-
square error (RMSE) of time series with N elements using Equations (3-12) 
and (3-13).  The correlation coefficient (r) is computed with (3-14).  
The Nash–Sutcliffe model efficiency coefficient (McCuen et al., 2006) is 
calculated with: 
𝑁𝑎𝑠ℎ– 𝑆𝑢𝑡𝑐𝑙𝑖𝑓𝑓𝑒 𝐸 = 1 −  
∑(𝑋𝑜𝑏𝑠 − 𝑋𝑚𝑜𝑑𝑒𝑙)
2
∑(𝑋𝑜𝑏𝑠 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ )2
 (5-1) 
where ?̅? is the quantity averaged over the calibration period.  
Statistical evaluation of the model performance for the calibration run is 
presented in Table 5-1. A correlation coefficient of 0.91 and a Nash-Sutcliffe 
coefficient of 0.79 are obtained. The mean absolute error is 15.55 m
3
/s and the 
root-mean-square error is 21.73 m
3
/s. This indicates that the calibrated model 
can predict streamflow to a reasonable degree of accuracy. We attribute the 
errors in predicting streamflow to coarse resolution soil data employed in the 
model and the limited number of weather forcing stations throughout the 
model domain. 










































Figure 5-4. Streamflow calibration at Station 1737451 of year 2006. Legend: 
precipitation (blue bar), observed streamflow (red line), simulated streamflow 
(black line). 
5.3.2 Hydrologic model validation 
With the calibrated model, two additional set of runs are performed to validate 
the model performance. As shown in Figure 5-5(a), streamflow at Station 
1737451 is validated with observed data during Jan 12 to 25 of year 2001. Our 
results show that the baseflow is well predicted during this time period, while 
peak value is slightly underestimated. Figure 5-5(b) shows the second 
validation case from Sep 26 to Oct 6, 2001. We observe that the baseflow is 
slightly overestimated and the peak value is slightly underestimated. During 
both time periods, the general trend of streamflow agrees well with observed 
data. 
Statistical evaluation of the model performance for validation runs is presented 
in Table 5-2. Correlation coefficients of 0.94 and 0.96 are observed during Jan 
11 to 25 and Sep 26 to Oct 6 of 2001, respectively. A high Nash-Sutcliffe 










































efficiency of 0.89 and 0.87 are also found during Jan 11 to 25 and Sep 26 to 
Oct 6 of 2001, respectively, which further confirms the prediction capability 
of our hydrologic model.   
























2.73 13.56 18.82 10.27 0.94 0.89 
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Figure 5-5. Streamflow validation at Station 1737451 during (a) Jan 11-25 and 
(b) Sep 26 – Oct 6 of year 2001. Legend: precipitation (blue bar), observed 
streamflow (red line), simulated streamflow (black line).  
5.3.3 Coupled model validation 
The validation of the one-way coupled hydrologic-hydrodynamic model 
(SWAT-SUNTANS) is performed for sea surface elevations and velocities at 
Stations A-E shown in Figure 5-1(a). 
5.3.3.1 Sea surface elevations 
The surface elevation calibrations are performed via comparison to 
observations at the Maritime and Port Authority of Singapore (MPA) Stations 
A-C (Figure 5-1(a)). Figure 6 shows the time series comparisons for predicted 

















































































and observed sea surface elevations during 11-25 June of 2004. The diurnal 
and semi-diurnal tidal ranges and spring-neap tidal cycle are well reproduced 
by the coupled model at Stations A-C. The model-predicted and observed data 
show very good agreement in terms of both tidal range and phase at these 
stations. 
The model skill assessment is performed by computing mean absolute error 
(MAE), root-mean-square error (RMSE) and correlation coefficients (𝑟) using 
Equations (3-12), (3-13) and (3-14). The skill score presented in Wilmott 
(1981) is adopted to quantify the accuracy and skill of the coupled model with 
Equation (4-2). 
Statistical evaluation of the model performance for surface elevations is 
presented in Table 5-3. At  Stations A-C, the MAEs are around 0.08 m and the 
RMSEs are around 0.10 m. Low RMSEs in percentage of around 4%, high 
correlation coefficients of 0.98 and skill scores of 0.99 are also observed.  
The major semidiurnal (M2) and diurnal (K1) tidal constitutes are compared 
with the observed values (Table 5-4). M2 amplitude is underestimated by 3.6 
cm at Station A due to difficulty in obtaining accurate tidal forcing along the 
Malacca Strait open boundary in the outer model. K1 amplitude is 
underestimated by roughly 1.5 cm at Stations B and C, which might be 
attributed to the relatively inaccurate tidal forcing along the South China Sea 
open boundary in the outer model. The phase errors for semidiurnal and 
diurnal constituents are around 2° and 8° lag at these stations, respectively. 
The discrepancies between the coupled model predicted and observed surface 




is sharply varying towards the shoreline, and the bathymetry data used in this 
model is insufficient to resolve these variations, especially under complex 
flow situations.  
Table 5-3. Statistical evaluation for sea surface elevations at Stations A, B and 
C in validation runs. 
Stations MAE (m) RMSE (m) RMSE (%) r SS 
A 0.076 0.099 4.22 0.99 0.99 
B 0.090 0.111 4.06 0.98 0.99 
C 0.093 0.114 4.51 0.98 0.99 
 
Table 5-4. Sea surface elevation constituents at Stations A, B and C in 
validation runs. 
    Station A   Station B   
    Obs Pre Err   Obs Pre Err   
M2 
 
A (m) 0.680 0.644 -0.036   0.744 0.748 0.004   
φ (°) 316.0 316.4 0.4 
 
307.5 305.9 -1.6 
 K1 
 
A (m) 0.352 0.347 -0.005 
 
0.286 0.263 -0.023 
 φ (°) 82.0 84.0 2.0   121.2 111.7 -9.5   
    Station C      
    Obs Pre Err        
M2 
 
A (m) 0.660 0.664 0.004        
φ (°) 293.0 288.7 -4.3 
 
   
 K1 
 
A (m) 0.346 0.333 -0.013 
 
   





Figure 5-6. Comparison of coupled model predicted and observed surface 
elevations (in m) at Stations A, B and C. Legend: Coupled model (∙ ∙ ∙), 
Observations (──). 
5.3.3.2 Velocities 
The observed data is obtained from the Maritime and Port Authority of 
Singapore (MPA) Stations A, D and E (Figure 5-1(a)) during 11-25 June of 
2004, which is also presented in Hasan et al. (2013).  
Figure 5-7, Figure 5-9 and Figure 5-11 show the time series comparisons for 
depth-averaged currents 𝑈 and 𝑉. 𝑈 and 𝑉 correspond to the east- and north-
ward directions, respectively. Statistical evaluation of the model performance 
for the depth-averaged 𝑈 and 𝑉 currents is presented in Table 5-5, Table 5-6 
and Table 5-7. The MAEs and RMSEs are computed with Equations (3-12) 
and (3-13), where 𝑋 is either the depth-averaged 𝑈 or 𝑉 velocity. At Stations 


















(a) Station A 


















(b) Station B 























A, D and E, the RMSEs for 𝑈  and 𝑉  are around 0.06 m/s and 0.07 m/s 
respectively. The RMSEs in percentage are around 6% and correlation 
coefficients exceed 0.95. 
The model-predicted velocities at Stations A, D and E have similar mixed 
diurnal and semi-diurnal patterns as the observed currents ( 
Figure 5-7, Figure 5-9 and Figure 5-11). The phases of the depth-averaged 𝑈 
and 𝑉 velocities show good overall agreement. Peak 𝑈 and 𝑉 magnitudes are 
slightly overestimated at Stations A and D and underestimated at Station E by 
the coupled model. Depth-averaged tidal velocities are generated by summing 
up the reconstructed tidal components (Figure 5-8, Figure 5-10 and Figure 
5-12 (a)(c)). The depth-averaged tidal  𝑈  and 𝑉  magnitudes are slightly 
overestimated at Stations A and D and match well with observations at Station 
E. In order to investigate nontidal (low frequency) velocities, we compute the 
depth-averaged nontidal velocities by subtracting the reconstructed tidal 
velocities from the original time series of velocities (Figure 5-8, Figure 5-10 
and Figure 5-12 (b)(d)). Our results show that depth-averaged nontidal 𝑈 and 
𝑉  velocities are slightly overestimated at Stations A, D and E. Table 5-5, 
Table 5-6 and Table 5-7 show that tidal velocities share high correlation 
coefficients and skill scores with the observed values. The nontidal velocities 
are not reproduced as well as tidal velocities, with RMSEs of around 0.02 m/s 
and correlation coefficients of around 0.99. 
We attribute the discrepancies of velocities predictions at Stations A, D and E 
to difficulties in obtaining an accurate representation of the bottom shear layer 




lead to further improvements in our model predictions. The relative inaccuracy 
in predicting streamflow by the hydrologic model (SWAT) may also lead to 
errors in predicting velocities at Stations A, D and E. 









A – U velocity 
0.056 0.070 6.79 0.95 0.98 
A – U velocity (tidal) 
0.019 0.022 2.87 0.99 0.99 
A – U velocity 
(nontidal) 
0.056 0.072 9.13 0.86 0.93 
A – V velocity 
0.092 0.120 7.41 0.96 0.98 
A – V velocity (tidal) 
0.037 0.042 2.95 0.99 0.99 
A – V velocity 
(nontidal) 
0.103 0.133 9.24 0.84 0.91 
 
 
Figure 5-7. Comparison of coupled model predicted and observed currents (in 
m/s) at Station A. Legend: Coupled model (∙ ∙ ∙), Observations (──). 
















(a) Station A - Depth-averaged velocity U






















Figure 5-8. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station A. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
  
















(a) Station A - Depth-averaged tidal velocity U
















(b) Station A - Depth-averaged nontidal velocity U
















(c) Station A - Depth-averaged tidal velocity V






























D – U velocity 
0.033 0.043 7.31 0.96 0.98 
D – U velocity (tidal) 
0.014 0.020 4.01 0.99 0.99 
D – U velocity 
(nontidal) 
0.036 0.045 8.39 0.85 0.92 
D – V velocity 
0.031 0.042 8.71 0.95 0.96 
D – V velocity (tidal) 
0.023 0.026 6.79 0.99 0.98 
D – V velocity 
(nontidal) 
0.031 0.041 9.06 0.86 0.92 
 
 
Figure 5-9. Comparison of coupled model predicted and observed currents (in 
m/s) at Station D. Legend: Coupled model (∙ ∙ ∙), Observations (──). 
















(a) Station D - Depth-averaged velocity U






















Figure 5-10. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station D. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
 
  
















(a) Station D - Depth-averaged tidal velocity U
















(b) Station D - Depth-averaged nontidal velocity U
















(c) Station D - Depth-averaged tidal velocity V






























E – U velocity 
0.048 0.060 6.07 0.97 0.99 
E – U velocity (tidal) 
0.014 0.017 1.93 0.99 0.99 
E – U velocity 
(nontidal) 
0.053 0.066 9.43 0.91 0.95 
E – V velocity 
0.060 0.076 5.98 0.98 0.99 
E– V velocity (tidal) 
0.016 0.020 1.65 0.99 0.99 
E – V velocity 
(nontidal) 
0.064 0.079 6.84 0.94 0.97 
 
 
Figure 5-11. Comparison of coupled model predicted and observed currents 
(in m/s) at Station E. Legend: Coupled model (∙ ∙ ∙), Observations (──). 
















(a) Station E - Depth-averaged velocity U






















Figure 5-12. Comparison of model-predicted and observed tidal and nontidal 
currents (in m/s) at Station E. Legend: SUNTANS (∙ ∙ ∙), Observations (──). 
5.4 Results 
The streamflow and tracer concentration output from the hydrologic model 
(SWAT) are introduced into the hydrodynamic model (SUNTANS) at nine 
locations in Singapore coastal waters. These locations correspond to nine main 
rivers in Singapore coastal waters (Figure 5-1(b)). Frequent industrial and 
economic activities in Singapore-Johor catchment increase the risk of land-














(a) Station E - Depth-averaged tidal velocity U

















(b) Station E - Depth-averaged nontidal velocity U
















(c) Station E - Depth-averaged tidal velocity V





















based pollution. The increasing flooding events in Johor, Malaysia 
(International Disaster Database, 2011) and Singapore (PUB Singapore, 2014) 
have also enhanced the possible impacts of land-based pollutants on Singapore 
coastal waters.   
As shown in Figure 5-1(b), Source 1 is Johor River, Source 2 is Tiram River, 
Source 3 is Layang River, Source 4 is Layau River, Source 5 stands for 
Kallang River, Source 6 represents Tbrau River, Source 7 is Sekudai River, 
Source 8 is Masai River and Source 9 is Pulai River. The input land-based 
pollutants are regarded as passive tracers in Singapore coastal waters (Xu and 
Chua, 2016c). The streamflow and tracer concentration at each source are 
presented in Figures 13-15.  
Singapore coastal waters are highly influenced by the Asian monsoon system. 
During April to September, southwesterly winds prevail over this region, 
while during October to March, wind turns northeast over most of the region 
(Hellerman and Rosentsein, 1983). To illustrate the monsoon effects on tracer 
transport, tracer simulations are performed in December 2013 during the 







Figure 5-13. SWAT predicted streamflow and land-based tracer concentration 
at (a) Source 1, (b) Source 2 and (c) Source 3. Legend: streamflow (—), 
concentration (---). 
 



















































































































































Figure 5-14. SWAT predicted streamflow and land-based tracer concentration 
at (a) Source 4, (b) Source 5 and (c) Source 6. Legend: streamflow (—), 
concentration (---). 
 

















































































































































Figure 5-15. SWAT predicted streamflow and land-based tracer concentration 
at (a) Source 7, (b) Source 8 and (c) Source 9. Legend: streamflow (—), 
concentration (---). 
















































































































































5.4.1 Northeast monsoon 
This section describes the circulation pattern in Singapore coastal waters and 
the evolution of depth-averaged tracer fieldduring the Northeast monsoon.    
5.4.1.1 Circulation pattern  
Figure 5-16 shows the surface circulation pattern in Singapore coastal waters 
during the Northeast monsoon. Strong currents with magnitudes of around 2 
m/s are observed in the middle of Singapore Strait. The presence of a narrow 
passage in the Main Strait results in increased flow velocities. Strong currents 
are observed in Johor Estuary and other regions along northern Singapore 
shoreline due to the introduction of related streamflow from rivers simulated 
by the hydrologic model (SWAT). Westward flows are observed during most 
times due to the influence of the Northeast monsoon. Water is generally 
transported from South China Sea to the Malacca Strait through the Singapore 















5.4.1.2 Land-based tracer transport 
The flow dynamics at the nine locations in Singapore coastal waters are 
characterized by varying degrees of horizontal and vertical tidal dispersion. 
The tidal flows has a large influence on dispersion at regions with abrupt 
changes in bathymetry, through mechanisms such as shear dispersion, 
turbulence, tidal pumping and trapping and lagrangian motions (Geyer and 
Signell 1992). Due to the input streamflow and tracer concentrations shown in 
Figure 5-13, Figure 5-14 and Figure 5-15, varying dispersion processes are 
observed at different sources. Source 3 (Layang River) is found with highest 
tracer concentration (Figure 5-17) and Source 1 (Johor River) is found with 
fastest input velocity. Most portion of Johor Estuary and Tekong Island are 
highly affected by pollutants after 3 days of release. Passive tracers from 
Source 1 (Johor River), Source 2 (Tiram River), Source 3 (Layang River) and 
Source 4 (Layau River) are dispersed into the Singapore Strait after 4 days of 
release. Meanwhile, Sentosa Island is highly polluted by Source 5 (Kallang 
River). It is also affected by tracers from Sources 1-4 after 9 days of release. 
The passive tracers would transport into the Malacca Strait by westward 
currents (Figure 5-16) in 12 days after release. Passive tracers from Source 7 
(Sekudai River) dispersed along Northwestern Singapore shoreline until 
entering the Singapore Strait in 4 days. Due to the weak currents observed 
along Northwestern Singapore shoreline, passive tracers from Source 9 (Pulai 










Figure 5-17. Evolution of depth-averaged tracer field in December 2013 in 3 
days intervals.    
 
 





5.4.2 Southwest monsoon  
This section presents circulation pattern in Singapore coastal waters and 
evolution of depth-averaged tracer concentration during the Southwest 
monsoon.  
5.4.2.1 Circulation pattern 
Figure 5-18 shows the surface circulation pattern in Singapore coastal waters 
during the Southwest monsoon. Strong currents with magnitudes around 2 m/s 
are also observed in the middle of Singapore Strait, which will strengthen 
dispersion processes of land-based pollutants. Relatively strong currents are 
also observed in Johor Estuary and other regions along northern Singapore 
shoreline due to the introduction of river inflows. Due to consistent pressure 
gradient from South China Sea to Malacca Strait (van Maren and Gerritsen, 
2012), westward flows are also observed in the Singapore Strait during most 
of the time and the eastward currents are not as strong as the westward 
currents. This indicates the effects of Southwest monsoon are relatively 
smaller, compared to those observed in the Northeast monsoon. Westward 
flows would transport waters from South China Sea to the Malacca Strait and 
Java Sea. While eastward flows would reverse such transport and direct waters 














5.4.2.2 Land-based tracer transport 
Figure 5-19 shows evolution of depth-averaged tracer field during the 
Southwest monsoon. Similar to the case during Northeast monsoon, strong 
tracer concentration is observed at Source 3 (Layang River) and fastest input 
velocity at Source 1 (Johor River). It takes around 9 days for passive tracers 
from Sources 1, 2, 3 and 4 to affect the whole Johor Estuary and Tekong 
Island, which almost tripled dispersion time during Northeast monsoon. 
Passive tracers from these sources would enter the Singapore Strait after 12 
days of release and fail to disperse along the Singapore Strait due to weak 
currents during Southwest monsoon. Similarly, weak currents along 
Northeastern and Northwestern Singapore shoreline have constrained the 
passive tracers from Sources 5 (Kallang River), 6 (Tbrau River), 7 (Sekudai 










Figure 5-19. Evolution of depth-averaged tracer field in June 2013 in 3 days 
intervals. 
5.4.3 Dispersion coefficients 
The dispersion coefficients (Geyer and Signell, 1992) of the land-based tracers 
were quantified based on the time variation of variance as defined in Equation 
(4-5). The physical meaning of the dispersion coefficient is the spread rate of 
the tracer plume. 
Figure 5-20 shows time series of K during Northeast and Southwest monsoons, 
with mean dispersion coefficients ?̅?  over each week and whole month 
tabulated in Table 5-8. Our results show that the dispersion coefficient 𝐾 is 
 
 




larger during the Northeast monsoon compared to the Southwest monsoon. 
The overall mean dispersion coefficient ?̅? of 53.33 m2/s during the Northeast 
monsoon is roughly tripled that of 17.29 m
2
/s during the Southwest monsoon 
(Table 5-8). Similarly, the dispersion time of tracer fields during the Northeast 
monsoon (Figure 5-17) is one third of that during the Southwest monsoon 
when Johor Estuary and Tekong Island are seriously affected (Figure 5-19). 
The major reason would be that larger amount of land-based pollutants are 
introduced by streamflow in December during Northeast monsoon than in 
June during Southwest monsoon. As shown in Figure 5-13, Figure 5-14 and 
Figure 5-15, although the land-based tracer concentration in June are higher 
than that in December, the orders larger streamflow in December has resulted 
in more amount of land-based pollutants introduced into Singapore coastal 
waters. It may also be attributed to differences in the large-scale monsoon 
effects during the monsoon seasons. The absolute mean surface elevation 
difference between the South China Sea and Andaman Sea during the 
Northeast monsoon is around 20 cm larger than that during the Southwest 
monsoon (Twigt, 2007). Such a mean surface elevation difference would 
generate a pressure gradient from South China Sea to Andaman Sea and 
induce strong residual currents.  
During the Northeast monsoon, 𝐾 achieves its maximum value of around 300 
m
2
/s on the first day of December due to the introduction of streamflow and 
land-based pollutants from nine sources, which would enhance the dispersion 
process of pollutants. 𝐾 peaks at 300 m2/s on the fourth day of December for 




Figure 5-14 and Figure 5-15). It oscillates around the average value of the 
whole month afterwards. During the first week of December 2013, the mean 
dispersion coefficient ?̅?  as listed in Table 8 is 97.61 m2/s, which is much 
larger than the other three weeks and the overall mean dispersion coefficient ?̅? 
of 53.33 m
2
/s. This could be explained by the enhanced dispersion process 
induced by increased flows and amount of pollutants from all sources at the 
beginning of the simulation.  
During the Southwest monsoon season, 𝐾  is oscillating around its overall 
mean dispersion coefficient ?̅? of 17.29 m2/s throughout the whole month. The 
weakened dispersion process is induced by relatively smaller streamflow and 
therefore less amount of incoming pollutants, although higher concentration of 
pollutants is observed in Figure 5-13, Figure 5-14 and Figure 5-15. 𝐾 peaks at 
around 300 m
2
/s on the first day of June due to the introduction of pollutants 
when simulation starts, which diminishes afterwards. The mean dispersion 
coefficients ?̅? over each week and the whole month displayed in Table 5-8 
confirms such a trend.  
The dispersion coefficient 𝐾 is found to be highly correlated with 𝐿
4
3, where 𝐿 
is the distance the center of tracer plume travelled (Figure 5-21). The 
correlation coefficients during Northeast and Southwest monsoons are 0.93 
and 0.99, respectively (Table 5-8). This indicates that the dispersion 
coefficient 𝐾 obeys a “4/3-law”, which is similar to the “4/3-law” between the 
lateral dispersion coefficients 𝐾𝑦 and the lateral length scale 𝐿𝑦 (Richardson, 




1971; Vasholz and Crawford, 1985; Stacey et al., 2000; Fong and Stacey, 
2003; Jones et al., 2008; Ohlmann et al., 2012). The 𝐾𝑦~𝐿𝑦
4
3  law is not 
adopted here due to the constraint of Johor Estuary width, which limits the 
value of the lateral length scale of plume 𝐿𝑦 . The correlation coefficient 
between the dispersion coefficient 𝐾 and the length scale 𝐿
4
3 is larger during 
the Southwest monsoon than the Northeast monsoon (Table 5-8). The possible 
reason is the underestimation of the second peak of the dispersion coefficient 
𝐾 during the Northeast monsoon by α𝐿
4
3, as shown in Figure 5-21. The first 





3 line matches well with the dispersion coefficient 𝐾 
line during the Southwest monsoon (Figure 5-21). The scale-dependent factor 
α is found to be 0.01 cm2/3/s, which agrees well with earlier findings (Okubo, 
1971).  
Table 5-8. Mean dispersion coefficient ?̅? (m2/s) over each week and the whole 
month, correlation coefficients between dispersion coefficient and length scale 
and scale dependent factors α(cm2/3/s) for passive tracers during the Northeast 
and Southwest monsoons. 





Dec 2013 97.61 64.05 34.58 16.40 53.33 0.93 0.01 






Figure 5-20. Time series of K during Northeast and Southwest monsoons. 
Legend: Northeast (—), Southwest (---). 
 
Figure 5-21. Time series of daily-averaged 𝐾  (in m2/s) and α𝐿
4
3  during 
Northeast and Southwest monsoons. Legend: Northeast (—), Southwest (---), 
𝐾 (black line), α𝐿
4
3 (blue line).  
5.5 Conclusion 
The incidences of heavy rainfall during the monsoon seasons have caused 
flooding in Singapore-Johor catchment. In addition, intensive agricultural, 
economic and industrial activities in this region have made Singapore coastal 



































waters under high risk of land-based pollution. To mitigate public concern 
over this issue, a coupled hydrologic-hydrodynamic model is employed to 
perform three-dimensional land-based tracer transport simulations in 
Singapore coastal waters.  
The calibrated streamflow at Station 1737451 matches well with the observed 
data throughout the whole year 2006, with a high correlation coefficient of 
0.91 and a Nash-Sutcliffe coefficient of 0.79. The validation runs confirm the 
capability of the SWAT model in predicting streamflow accurately during Jan 
21-25 and Sep 25-Oct 6 of year 2001. The correlation coefficients are 0.94 and 
0.96, respectively, with a corresponding Nash-Sutcliffe coefficient of 0.89 and 
0.87. The error of streamflow prediction is mainly induced by coarse 
resolution soil data involved in the model and limited number of weather 
forcing stations throughout the whole model domain.  
The coupled hydrologic-hydrodynamic model (SWAT-SUNTANS) is 
validated for sea surface elevations and velocities at Stations A-E. A low 
RMSE of 0.10 m in magnitude and 4% in percentage and a high correlation 
coefficient of 0.98 are observed for sea surface elevations. The coupled model 
predicted depth-averaged currents U and V quite accurately, with low RMSEs 
of 0.06 m/s and 0.07 m/s respectively and high correlation coefficients exceed 
0.95. We attribute the discrepancies to difficulties in obtaining an accurate 
representation of the bottom shear layer due to the strong bathymetric 




prediction accuracy. The relative inaccuracy in predicting streamflow by the 
hydrologic model (SWAT) may also lead to errors in predicting velocities. 
The land-based passive tracers which represent ideal pollutants output from 
the hydrologic model (SWAT) are introduced into the hydrodynamic model 
(SUNTANS) with streamflow and tracer concentration at nine sources in 
Singapore coastal waters. During the Northeast monsoon, passive tracers from 
Source 1(Johor River), Source 2 (Tiram River), Source 3 (Layang River) and 
Source 4 (Layau River) are dispersed into the Singapore Strait after 3 days of 
release, with Johor Estuary and Tekong Island highly affected. Meanwhile, 
Sentosa Island is polluted by Source 5 (Kallang River) and Sources 1-4 within 
4 and 9 days, respectively. Passive tracers from Source 7 (Sekudai River) 
dispersed along Northwestern Singapore shoreline until entering the Singapore 
Strait in 4 days. Due to the weak currents observed along Northwestern 
Singapore shoreline, passive tracers from Source 9 (Pulai River) are slowly 
dispersed into the Singapore Strait. During the Southwest monsoon, it takes 
around 9 days for passive tracers from Sources 1-4 to affect the whole Johor 
Estuary and Tekong Island, which almost tripled dispersion time during 
Northeast monsoon season. Passive tracers from these sources would enter the 
Singapore Strait after 12 days of release and fail to disperse along the 
Singapore Strait due to weak currents during the Southwest monsoon. Weak 
currents along Northeastern and Northwestern Singapore shoreline have 
constrained the trracers from Sources 5 (Kallang River), 6 (Tbrau River), 7 




The overall mean dispersion coefficient ?̅? of 53.33 m2/s during the Northeast 
monsoon is roughly tripled that of 17.29 m
2
/s during the Southwest monsoon, 
due to larger amount of land-based passive tracers are introduced by 
streamflow in December and differences in the large-scale monsoon effects. 
During both monsoons, 𝐾 achieves its maximum value of around 300 m2/s on 
the first day due to the introduction of streamflow and land-based passive 
tracers from nine sources when simulation starts. In December, K also peaks 
on the fourth day due to peak streamflow values from nine sources. The 
dispersion coefficient 𝐾 is found to be highly correlated with 𝐿
4
3, where 𝐿 is 




Chapter 6  Conclusions and recommendations for future 
study 
6.1 Conclusions  
The circulation in Singapore coastal waters is driven by the variable tidal 
forcing of the surrounding seas and modulated by the complex bathymetry and 
coastlines. An unstructured-grid SUNTANS model, with an average resolution 
of 100 – 200 m around Singapore, is applied to Singapore coastal waters. The 
model is forced at the three open boundaries, located to the west, south and 
east of Singapore, using tidal constituents as extracted by the OSU Tidal 
Prediction Software (OTPS) and Absolute Dynamic Topography (ADT) as 
derived from satellite imagery. The model is also forced by hourly observed 
wind data at 59 stations in the domain. Our calibration results show that the 
model predicts sea surface elevations and velocities at locations throughout the 
model domain reasonably accurate. Model results are used to delineate 
circulation patterns in waters around Singapore, and these results show 
significant seasonal variation. To examine the effects of different forcing 
terms on volume fluxes, a new decomposition method is proposed. It is found 
that: (1) ADT is the predominant factor that drives monthly mean volume 
fluxes, especially in Malacca Strait; (2) the combined effects of tides and local 
winds influence monthly mean volume fluxes, especially in Java Sea; (3) SLA 
affects monthly mean volume fluxes throughout the whole year; (4) volume 
fluxes induced by the combined effects of tides and local winds is highly 




can be attributed to the nonlinear interactions between different forcing terms, 
tend to reduce the total volume fluxes. 
Intensive economic and shipping activities in Singapore Strait have caused 
Singapore coastal waters to be under high risk of local sea-based water 
pollution. A nested three-dimensional unstructured-grid SUNTANS model is 
applied to Singapore coastal waters to simulate flow and local sea-based tracer 
transport. The small domain (~50 m resolution) Singapore coastal model is 
nested within a large domain (~200 m resolution) regional model. The nested 
model is able to predict surface elevations and velocities with high correlation 
coefficients of 0.98 and 0.95, respectively. Model results delineate the 
characteristics of circulation pattern in Singapore coastal waters during the 
Northeast and Southwest monsoons. The passive tracers are released at six 
locations in Singapore coastal waters. These locations correspond to key 
sailing points that are published by National Geospatial-Intelligence Agency, 
USA (NGA US 2013). The passive tracers with a radius of 1 km and constant 
over the depth are released at the beginning of the flood tide. The tracer 
simulations are performed from 1 to 7 December 2013 during the Northeast 
monsoon, and 1 to 7 June 2013 during the Southwest monsoon. Our results 
show that the rate of dispersion is twice as large (and dispersion time is halved) 
for the Northeast monsoon compared to the Southwest monsoon due to 
differences in large-scale monsoons and small-scale local winds. Dispersion 
coefficients 𝐾 are maximum for Tracers 2 and 3 due to the strong surrounding 
currents and abrupt bathymetry changes around P2 (near Senang Island) and 3 




to weak currents induced by the semi-enclosed coastline near P1 (near Tuas). 
It is found that the lateral dispersion coefficient 𝐾𝑦 is highly correlated with 
𝐿𝑦
4
3  , where 𝐿𝑦  is the lateral length scale of plume. This indicates that the 
lateral dispersion coefficient 𝐾𝑦 obeys a “4/3-law”. It is also shown that the 
distance of the center of concentration travelled 𝐿  would be an alternative 
length scale and the compound dispersion coefficients 𝐾 also obeys a “4/3-
law”. 
Frequent flooding events and intensive agricultural, economic and industrial 
activities in Singapore-Johor Catchment have made Singapore coastal waters 
under high risk of land-based pollution. A one-way coupled hydrologic-
hydrodynamic model is employed to perform three-dimensional land-based 
tracer transport simulations in Singapore coastal waters. The one-way coupled 
hydrologic-hydrodynamic model is validated with observed sea surface 
elevations and velocities. A low RMSE of 0.10 m and a high correlation 
coefficient of 0.98 are observed for sea surface elevations. The coupled model 
predicted depth-averaged U and V velocities accurately, with low RMSEs of 
0.06 m/s and 0.07 m/s respectively and high correlation coefficients exceed 
0.95. During the Northeast monsoon, passive tracers from Source 1 (Johor 
River), Source 2 (Tiram River), Source 3 (Layang River) and Source 4 (Layau 
River) are dispersed into the Singapore Strait after 3 days of release, with 
Johor Estuary and Tekong Island highly affected. During the Southwest 
monsoon, it takes around 9 days for passive tracers from Sources 1-4 to affect 




time during the Northeast monsoon. The overall mean dispersion coefficient ?̅? 
of 53.33 m
2
/s during the Northeast monsoon is roughly tripled that of 17.29 
m
2
/s during the Southwest monsoon, due to larger amount of land-based 
passive tracers are introduced by streamflow in December and differences in 
the large-scale monsoon effects. The dispersion coefficient 𝐾 is found to be 
highly correlated with 𝐿
4
3 , where 𝐿  is the distance of the center of 
concentration travelled. 
The following limitations are observed in this study: 
(1) Due to scarcity of observed sea surface elevations and currents data, the 
consistency between shoreline data and calibration and validation periods are 
not followed strictly during all time. For example, in the study of volume 
fluxes as in Chapter 3, the electronic shoreline data are for year 2013 and the 
available currents measured data of year 2013 are involved for calibration, 
while sea surface elevation data and volume fluxes simulations of year 2003 
are chosen as the volume fluxes during that time are available in published 
papers. The effects of shoreline changes in Singapore would affect mainly 
nearshore currents other than those passing through the six transects set to 
study volume fluxes in Singapore coastal waters, so the effects of shoreline 
changes on volume fluxes are minor.  In the studies of both local sea-based 
and land-based tracer transport, the simulations are performed in year 2013 to 
keep consistency with the shoreline data and measured currents data. 
(2) In this thesis, the Coriolis frequency is taken as a constant at the latitude of 
1.369 °N, a typical latitude of Singapore coastal waters, which is our area of 




current velocities at Stations 4-6 and 10-12 induced by 10 times larger Coriolis 
frequency at the latitude of 14 °N than that at the latitude of 1.369 °N are quite 
minor. This indicates that the unchanged Coriolis frequency in this thesis will 
induce some errors while are negligible. 
(3) The normal streamflow in Singapore-Johor catchment throughout the 
whole year does not affect the predominantly tidal flows in Singapore coastal 
waters, as pointed out by the validation of the model in Chapter 5 comparing 
to that in Chapter 4. Extreme flooding events in this region could be an 
interesting topic as they affect the currents in Singapore coastal waters, while 
they are beyond the scope of this study. 
(4) In this thesis, both local sea-based and land-based tracer transport are 
studied with passive tracers, which set ideal conservative properties of tracers. 
The tidal random walk is not included in the transport of passive tracers, 
which might induce slight errors in the tracer field. Specific properties of the 
tracers such as chemical and biological properties are not taken into account, 
which could also affect the transport of tracers.  
6.2 Recommendations 
In the near future, it is strongly recommended to re-examine the local sea-
based and land-based tracer transport with Lagrangian Particle Tracking 
method to account for tidal random walk. The new Lagrangian Particle 





The circulation in this region is highly complex due to its complicated 
bathymetry, irregular coastlines, seasonal monsoons and the differences in 
tidal influences. The tides in Singapore coastal waters is mixed, as semidiurnal 
tides from Indian Ocean and diurnal tides from Pacific Ocean meet at the 
western part of the Singapore Strait. As noticed in the three-dimensional 
Singapore coastal model, the nested model and the coupled model, model 
calibration and validation results, especially velocities predictions, show that 
further improvement of the model is needed. Tidal forcing, which consists of 
eight main tidal constituents at open boundaries, could be further optimized. 
Observed sea surface elevation data could also be employed as model forcing 
if possible, while a sufficient number of observation stations are required 
along open boundaries. Non-tidal forcing could also be improved by nesting 
the model into the other wind model which covers a much larger domain, 
including the whole Asia and Oceania regions. 
The function of the coupled model could also be further extended by 
interchanging variables or parameters between its components with a two-way 
coupling method. With such a data exchange platform, the number of 
component models could be increased. It is recommend to include other 
component models like an atmospheric model, a wave model, a sediment 
transport model, a wind model, etc., which depends on specific research 
problems. Several existing coupled model systems could be great examples, 
such as ROMS-SWAN (Warner et al. 2008), COWAST (Warner et al. 2010) 
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